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THIS REPORT DOCUMENTS THE RESULTS OF AN I WEST I GAT ION INTO THE 
AVAILABILITY AM) PERFORMANCE CAPABILITY OF MEASURfMENT COMPONENTS IN 
TOE AREA OF CRYOGODC TEMPERATURE, PRESSURE, FLOW AM) LIOUID DETBC- 
TION COWONDR5 AN) HIGH TOfftRATORE STRAIN GAGES. IN ADDITION, 
TECHNICAL SUBJECTS ALLIED TO THE OCWOOfTS WERE RESEARCHED AM) DIS- 
CUSSED. THESE SBUTE) AREAS CF IWESTIGATION HERE: (1) HIGH 

PRESSURE FLANGE SEALS, (2) HYDROGQJ EMBRITTLEMENT OT PRESSURE TRANS- 
DUCER DIAPHRAGMS, (3) TOE EFFECTS OF ODSE-COUPLED VERSUS RFM7TL 
TRANSDUCES INSTALLATION ON PRESSURE MEASUREMENT, (4) TOTERATURE 
TRANSDUCER CONFIGURATION EFFECTS ON fEASUREWNTS, AM (5) TECHNICOES 
IN TWERATOHE COMPENSATION OF STRAIN GAGE PRESSURE TRANSDUCERS. 

TOE PURPOSE OF THE PROGRAM WAS TO INVESTIGATE TOE IAIEST DESIGN AM 
APPLICATION TECHNIQUES IN ECASURQCNT CCMPONENT TBCKNCDOGY AM TO 
DOCUfXT THIS TNFOIMAT1QN ALONG WITH REnMCMAXlONS FOR UPGRADING 
MEASURBfflW OCMROWNT CESIOC FOR FUIURE S-II DERIVATIVE APPLICATIONS. 
RBCCMOCIA.TIONS ARE PFCVIDED FOR UPGRADING EXISTING STATE-OF-THE-ART 
IN COMONENT DESIGN, WERE REQUIRED, TO SATISFY PBTOFMANCE REJQUIRE- 
MNTS OF S-II DERIVATIVE VEHICLES. 
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As apace missions become sore aonplex and sore demanding, the rsquirammts on 
mvisuroncnts grow more and more difficult. Oonstant inprwmenta in asaeure- 
ment techniques and accuracy are being sought by design engineers for a nore 
accurate evaluation of system pe rf orm an ces. Ever increasing severity in 
operating environments requires a continued search far new designs end 

techniques. 

Greater reliability of equipment is required as space missions grow sure 
carp lex. Lower acnponent weight, manlier s xe and lamer electrical power 
consumption are sought as mission duration grows longer. All of these factors 
and many more require that measurement capabilities be upgraded to meet these 
new demands. <the purpose of this study is to satisfy sobs aspects of this 
need with an investigation into mea'wiaemsnt component technology. 

S-II derivative systems, including the Space Tbg, orbiting Propellant Depot 
(OPO) , Expendable Second Stage (ESS) , and Chemical Intsrorbital Shuttle (CIS) 
iipose many new performance requirements on measurement components not 
currently required by the S-II stage or the Saturn V vehicle. 

Higher maaauramant accuracy, long term operation in high and low tmaperature 
environments, repeated operations in relatively high vibration environments, 
long term shelf life and repeated reuses are same of the more important per- 
formance requirements. Light veight, small package size, simplified wiring 
requirements, low electrical power, and sisplified m a inten a nc e procedures 
are other desirable characteristics for future space vehicles. 


This program investigated the availability and pe r f orm a nce capability of 
specific measurement compone nt s in the area of cryogenic f pa ra ture, pres- 
sure, flow and liquid detection aaspomnts and high twperature strain gagas. 
The study conducted a systematic survey of manufacturers to establish 
perform an ce and physical char a c ter istics of current designs. In oases 
when current state-of-the-art equipment cannot mast p e rf o rm a n c e raquiranants 
for future space missions, the design s h ortco min g s are identified and raoom- 
mendatiuns for isprovsmsnt-- • where available, were presented and di s cussed. 
The study evaluated publisiud information and supplier furnished data and 
discussed some advantages and disadvantages for given designs. Measurement 
system application design conside r ations were investigated and discussed 
in tha npoct where these considerations were an important part of the 
maaauramant. Ttm results of the investigation wars intended to provide a 
useful reference eouroo tor design anC uuupunant information for the 
•election and application of ths maasuronsnt transducers of this investi- 
gation. 

In addition, specific technical topics allied to ths measurement type or 
ocrponeiitB were researrhnrt and are discussed in this report. Items selected 
for investigation as part of this stuwy were selected for ths problem nature 
of the item or for the technical value of ths researched information aa a 
reference source for new designs. Selected areas for investi g atio n ware 
(1) high prussurc flange seals, and (2) hydrogin ambrittlunsr.t of pressure 
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transducer materials. Other topics which involve application were (1J the 
effects of close-aoupled versus remote transducer installation an pressure 
measurements, (2) temperature transducer configuration effects an measure- 
ments, and (3) techniques in taiperature compensation of close-coupled strain 
g age pressure transducers. 

These specific measurement ocnponent capabilities and technical topics are 
contained in three uo limes. Voluie I contains Cryogenic Pressure Measuranent 
Technology, "igh Pressure Flange Seals, Hydrogen Embrittlement of Pressure 
Transducer t trials, the Effect of Close-Coupled Versus Rsnote Transducer 
Installations on Pressure Measurements, and Techniques in Tenperature Com- 
pensation of Strain Gage Pressure Transducers. Volume II consists of 
Cryogenic Flow Measurement Technology and Cryogenic Liquid Detection 
Measuranent Technology. Volume III swmarizes Cryogenic Temperature 
Measurement Technology and High Tenperature Strain Gage Technology. 

CRYOGENIC PRESSURE MEASUREMENT TECHNOLOGY 

The investigation into cryogenic pressure transducer technology was made by 
conducting a survey of manufacturers to establish transducer capability of 
currently available equipment. The requirement established for the search 
was to locate an instrument capable of operating with liquid oxygen or 
liquid hydrogen systons of a space vehicle while rtaintaining temperature 
sensitivity errors within 2 percent of full scale. 

Since the investigation did not result in meeting this design goal, a litera- 
ture research was conducted to identify problem areas which contribute to 
this transducer performance limitation. 

This report presents the results of the industrial survey and the literature 
research. 


HIGH PRESSURE FLANGE SEALS 

Consideration of a high pressure (5000 pei) transducer for applications whose 
design concept utilized flanged mounting precipitated this investigation. The 
research work primarily addresses itself to the search for a metallic seal 
to attain optiiiun sealing for low temperature, high pressure systems. The 
investigation relied principally upon published literature as the source f r ' r 
information. 

HYDROGEN EMBRITTLEMENT CF PRESSURE TRANSDUCER MATERIALS 

The hydrogen embrittlement investigation utilized published literature for 
obtaining information on the susceptibility of transducer materials to the 
aiferittlownt problem. The investigation emphasized the practical approach 
by categorizing transducer metals with respect to embrittlement susceptibility. 
The investigation did not <W*al with the atomic structure or metallurgical 
aspects of metals. 
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TOE EFFECTS OF CU)SE-OOUPL£D VERSUS REMJTE TRANSDUCER INSTALLATirN ON 
PRESS’ JRE MEASUREMENTS 

A technical discussion on the effects of close-aoupled versus renote trans- 
ducer installation effects on measurement accuracy was presented in this 
report for reference information to transducer users. The discussion in the 
report was based on information derived fran Saturn S-II flight tests and 
laboratory work performed in conjunction with investigations into the Saturn 
S-II low frequency oscillation phenomenon. Data distortion due to line length 
is illustrated and corrective methods are delineated. 

TECHNIQUES IN TEMPERATURE ODWENSATION CF STRAIN GAGE PRESSURE TRANSDUCERS 

Another topic presented in the report is based on investigations of terrpera- 
ture sensitivity problems of strain gage pressure trannduoers. Since the 
Saturn S-II low frequency oscillation phenomenon resulted in utilizing close- 
coupled strain gage tr^ isduoers on the LOK feedlines of engine 1 and 5, an 
investigation was made to establish techniques available for compensation of 
temperature sensitivity errors. This information is provided in this r ep or t 
as reference material. 

CKYCX2NIC MASS FLOW MEASUREMENT TOMOIOGY 

The flow investigation researched current technology for systems capable of 
cryogenic taiperature flow measurements. Manufacturers were contacted for 
information on their product line of flowmeters which indicated promise of 
meeting an application requiring a mass gas flowmeter. 

A hypothetical case for a cryogenic tenperature gas flow measurement wes 
established for the purpose of assessing vrfether any of the candidate systems 
would be acceptable for this case. The report provides the technical dis- 
cussions resulting from this evaluation as well as descriptions of indi- 
vidual manufacturers systems. 

CRYOGENIC LIQUID DETECTION fffiASURBffNT TEEHNTOGY 

The cryogenic liquid detection technology portion of this study was limited 
to an industrial survey. Manufacturers of positive and low gravity dete tion 
systems were contacted and their equipment and, '.n sans cases, ax; arimental 
concepts, are presented. The report describes each systmn including theory 
of operation, accuracy, stability, power requirements, and the gravitational 
environment in which the system is designed to perform. 

CRYOGENIC TEMPERATURE MEASUPQFNT TECHNOLOGY 

The investigation into cryogenic tenperature transducer technology was made 
by conducting a survey of manufacturers to establish the capability of cur- 
rently available equipment to rreet cryogenic systmn requirements. In con- 
junction with this survey, a literature search was conducted to identify 
new developments in tenperature measuring techniques. The methods of tmrpera- 
ture measuring discussed are resistance tenperature transducers made from 
different metals as sensing a Tenants, thermistors, and thermocouples. Also 
included Is a discussion of meanring bridges used to determine the resistance 
of tl* taiperature probe. 
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HIGH TTHPERAHJRE STRAIN G MX TECHNOLOGY 

Although f train measuring techniques have progressed rapidly sure the 
development of the first strain gage, the requironants for their use have 
advanced nuch faster. This is especially true fear obtaining fl iht load 
measurements on high speed vehicles operating in the earth's atnosptere. 

The aerodynamic heat associated with this high speed flight can be a major 
cause of strain gage error. Temperatures up to 1800 F are anticipated on 
the aerodynamic surfaces of a mach 6 vehicle operating at 90,000 feet. 

Strain gage output due to thermal stresses at these high temperatures can 
produce load measurement errors greater than those due to gage performance 
characteristics. 1t> obtain accurate flight load measurements these errors 
must be eliminated in the strain gage design. 

The purpose of this section of the acupunents technology report is to review 
various strain sensing devices and evaluate their performance in a 1500 F 
to 2000 F thermal environment. 
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1 0 BUSWV 

1V> followir^ Is a brief mi ew at the significant facts contained in the 

of the three voluas text. Bv unary is contained In each of the three 
•-»n-„vw in order that the read e r a., .t hem sufficient information to evaluate 
ma :»ed to review each volaae'e text in detail. 

oiisse 1 contains the following topics: Cryogenic Pressure Transducer Tech- 
.ology, High Pressure flange Seels, Hydrogen 2adrlttleee.it of Tranjduoer 
Materials, the Effect of Cloee-Ontpled versus berate Transducer Installations 
on Pressure Itanaduoers, and Techniquee in Tasperature Coepenaetion of Strain 
Pressure. 

ttolune II certains the following topics. Cryogenic Mass flow neeimieniiit 
Technology and Cryogenic Liquid Detection Technology. 

Vain* ill contains two topics: Cryogenic ISnperature foeeurewant Technology 
and High impanUuie Strain Oige Ttahnslogy. 

CJWOGBOC P9ESSUSC TRANSDUCER TBOWOLCCY 

Pressure maauraants for apace vehicle cr y ogenic syetna such as for liquic 
oxygen and liquid hydrogen tanks, transfer lines und engine eyetane, have 
al’-oye p r es e nt ed a special challenge to instruaantation engineers and measure 
rrr‘ users alike. These cryogenic liquide, especially liquid hydrogen, possess 
army properties idiich pom problem for designers. Primarily, them problms 
ere associated with low tiinimrutiirn anvinsmnts and with the highly volatile 
nature of the liquid. The root oouuun epproadi to ramming pressure in these 
system is to ocmec< the pmesure traneduoer smy from the extras low tm- 
r*r*t >me environment by connecting the traneduoer to the sense port by a 
length of seem line which provides a thermal buffer for the transducer. 

This technic?** is satisfactory for only steady-state or slowly changing 
measuttrante Per peculating or fast changing pressure sysjems the vola- 
tility of !fc iquid creates thermal dynamic oscillations and the sanm line 
reduces frequency response both of which reduce msasurwaant fidelity markedly. 

This investigation was ntrfoned to research currently available designs 
which could be utilised Cat variola applications in cryogenic system 
to an accuracy of 2 percent eruluding other environaontal error eou.\ *. 

Inquiries mete to appsadastely 50 manufactucsrs resulted in seven favorable 
responses from suppliers indicating the availability of transducers operable 
sit. i cryogenic system of liquid axygarf or ligild hydrogen. Manufacturer? 
responding favorably to the survey were: 

Bell 4 HawBU/Oansolidatad Efootrodynwdcs 
Bourns Inc. 

Dynescienoas Carpwatioo 
(Mniaoo technology Corp. 
metier ZBitstnmt Carp. 
m ttsetronics 
stalhan Instnsaents foe. 
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a rvri*r of other manufacturers arc known to haw developed pressure trane- 
<kioer8 operable in cryo^nic syebsme but these duips ere available an 
fecial order only end this were not included in this study primarily due to 
the lack of descriptive information on the instruments. 

This investigation concluded that far the many ap: 'icatiar. conditions of 
a space vehicle, none of the candidate inntrumentr could meet the design 
goal of 2 percent temperature sensitivity error. Based an this conclusion, 
problems contributing to teaperature sanaitivity were investigated through 
research of published documents. 

The single most important error source for mstrsaents fou-J by die researchers 
is the difference in temperature conditions between instrument calibration 
and the using temperature envii mint. Normally transducers are calibrated 
under a steady state, uniform tmgmwnzT environment, usually at the 
liquid nitrogen tenperatures. In field applications temperature gradients 
occur between the front face of the transducer to the aft end of the 
instrument. For traraduoers with taeperature aespenaation provisions such 
as the strain gage designs, the compensation thermistors and resistors are 
located in the aft end of the instrument. This design alone aontribu -ss to 
a significant error found by one researcher to be as such as 100 percent FS 
for transducers that indicated leas than 6 percent Fs shift in standard s' aady 
state t«nperature tests. 

A definite improvement in low tmqperature performance can be achieved on the 
part of instrument users by providing installation designs which minimize 
thermal gradients, such as by insulating the transducer, and by calibrating 
instruments under conditions oC usage as closely as possible. 

The conclusion of this investigation is that for applications requiring good 
toperature acepensation, email size, low heat capacity and high frequency 
response >.ith the capability of measuring both steady state and dynamic 
esponees a new transducer design is required. Baaed on the information 
provided by rasa archers some design features known to provide desirable 
p erfo r mance characteristics are: flush diaphragn design with diaphragn 

machines integral with the oaae, will case size with short tody length 
and low thermal mess, strain gags design with gages mechanically cabled 
to the diaphraga in an unbonded configuration, temperature ooepensation 
circuitry located in the une thermal envi r onmen t as the strain gages and 
transducer installation provisions which facilitate insulation provisions 
to minimize thermal gradients. 

HFjH PRESSURE FIANCE SEALS 

This investigation primarily addiese-s itself to the search foi a etallic 
seal far cryogenic tenperature and up to 5000 psig pressure applications. 

The leakage rate far a seel depends an fluid properties, surface topography, 
pressure differential, hardnasa of the sealing material, and sealing cor. tec > 
stress. 
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‘ n * nt iagortant daeign considerations an pnaan, temperature range, 
and typs of fluid sealed. These p aram e t ers determine the bolt siae, flange 
thickness, and enteritis. 


t«akag» is the, most important criterion rod rost difficult to predict without 
tests. Waf setal seals an capable of achieving leakage rates below Measurable 
levels; hcNswr, tine penalty in flange loading, extremely sooth finishes or 
ioee of penny, any be prohibitive. For axtraely low leakage rates (less 
than 1(T* aoc/sac), an all-metal seal is usually required. 


S ea t i n g load is an important [a t ndar in flsngad connections. Dm lower it 
is, the nailer the required flanges and bolting. Seating load is normally 
expressed in pounds per inch (lb/ in) of seal circumferanoe and any range frost 
100 to 500 lb/ in, depending an the teigt. 

Contact s tres s at the sanling interface partially de te rmines leakage rate and 
is a function of aaatino load and contact area, the pressure differential 
across the interface, if lugi cnou^t, nay add or subtract significantly from 
the initial contact stress. 

Natal seels capable of vary low leakage rates oust plastically deface at the 
sealing interface. With attaeequant installations , the seal coating oust 
try to oo nfo cn to a new set of peeks rod valleys and intimacy of interface 
is canaaqusntly reduced. 

Pressure oospen ea tion, stent inee called pressure energisation, pressure actua- 
tion, or pressure assistance, is the beneficial effect of preen ire tgxxi the 
seal contact, the geoaetzy of Many seals is such that fluid pressure gigBPritn 
the contact stress, thus tending to over ern e the increased possibility of 
leaKage due to the pressure, the pressure effect is negligible except at 
high pressures - 1000 per or sore. 

Cavity rogudresonts of the seel rust provide for oorr-ct (United) deflection 
of the seal, location of the seal, structural support far high pressure, and 
proper surface finish. 

the choice of seal Materials la usually detensined by the operating tmperoture, 
although corrosion resistance, fluid ocnpatibility, and radiation effects nsy 
also be Major considerations. Moat ratal seals contain to® Materials, a 
resilient, basic-shape ratal and a soft floating. 

the coating material is usually a pure ratal (silver, gold, nickel, or copper) 
or a plastic dispersion coating such as teflon, coating materials are chosen 
on the basis of softness, aorrosion resistance, Ueperature resistance, and 
cost. Silver is used in the majority of low and high togerature applications 
and is one of the least costly. 

Resilient metal arols contains the efficiency of elaebonaric O-rings with the 

taapsrature capability of metal gaskets. The basic structural clamant 
ia usually a high-strength mial, and a soft coating of metal or plastic pro- 
vides the actual sealing. Lika O-rings, these seals are self -energising, have 
•all croas sections, require light closing faroee, are often reusable, and 
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hrve indefinite life, ttaiite O-ringB, 
and awilabUity is nstat United. 


, they are relatively s^enai re. 


Resilient oetal seals can be aanoidsrad ea the aost praising for achieving 
aeal integrity for hi^» praeeura end cryogreic anviiareants. A parallel 
loaded joint with a groove type aeal inatallatlon should provide the optisun 
joint configuration. 


Wrt*CG» 


NKBEOALb 


the runner r.h work p arfiorred within the industry on hydrogen eaferittireret of 
aetals has not resulted in a clear definition of accept ed wtredards. Baoanae 
of this fact, no precise conclusions can be roadbed an tits extent of hydrogen 
•atari ttlenent as a prohlen for ina tru aantation system. Primarily, this 
inoartainty results hot the fact that aost tenting has bare a coca plia bad at 
10,000 pai and pressures for liquid or pveanun fc ydrogan system on Saturn 
S-ii type vehicles are 100 pai bo 1000 pal. 


Generally, it is oondudad that no praWwn exist for seterials aoat afta 
used for transducer construction. Ibis conclusion is based on the ayarii 
findings that afrlttloant a u eoa pt inility incraaeoe with increasing tap 
tun above roan taqpesstsnn and increasing tr e e cure . Below rare fca^sessa 
atrittloat susceptibility dacreasas with decreasing tsaparature. I|dti 
has little effect on retain below a tapatew of -121 F. Proa the stan 
point of inetnsaantation aytree, this is favorable since the aajorlty of 
reasurerents in hydrogen a yvtaa are aade at low teaparattse and pressure 


The report a—riw 
data are available. 


the degree of susceptibility for various retals vtoara 


HE BWCT OP CLOSE OOUPUD VS. IB H W! TOWfiDUCER WtaUJOUXB CM PRB8SUIE 


Sw reaauwnt of fi e q u aucy oar a Una length of constant disposer to which 
is attached a sensing transducer varies re Cm ftmdarental (fid) frequency. 

If the aadia tranmaitting the freq u ency is a gas, that the frequency is 
Uni ted by the Una length and the acoustic velocity. The ewsqption to this 
is a situation in which the relate of the tmtsftiMBr cavity re a a u rlng the 
praasure pulse is large relative to the rel«B of the line. This care Is 
called a Belshcltx reasonator and It will produce an attenuation of afpeoxi- 
aately 4C% over the previously noted ftitdanantnl frequency for the equivalent 
line length. 

If fraqwncy of pulsntiom of a liquid over a Una is required red if tha 
liquid is a cryogenic, a reltitude of problem arise. Pra asure pulses of 

replitude wiU produce oooplete distortion of phase, frequency, «pli- 
*iwa» a«S signature, avail pre s sur e pulsations will allow tha passage of 
pfwm aid aopUtudr data within tha fundaasntal frequanoy range but aaytUtuds 
and sifpiature cannot be oonaidsrad correct. The turbulence produced by tea 
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treasure pulsations Cocoas the liquid Asm a 9a* filled Un where it oqwnte 
due to the adhn taspuraturv gradient. The reeultant chanp in nwtia of 
.*aes of cryoganic liquid in e ni m and the volnaa change produces an 
overall distortion of the output. 


at Jtelity of a cryogenic liquid can only be 
obtained by ueing either a close ooayled or flush eo un te d treadsar. The 
ideal inatallation is that of sounting a jvnneiirm transducer diaphragn 
directly against the aadia to be Measured. If this is not possible than 
the aansor can be boss s watted off a fitting. Care oust be taken in the 
last instance in that a abort rat fine the liquid bo the amor dUpfcr*^ 
ai#t fin a flelaholts 


TE 3 KBQUBB Dl nWUUUIXC C O WM Bt Tiai CT SINUN GKZ B BS OB 


The rlsenir techniques for oagpena a tiar- of praaauze transducers to taaparature 
sensitivity is bo select antariala with daaizaUt parfioraence characteristics 
and apply oa qw w at ing resistors ad thsrai store bo the bridge circuitry. 
These tartart inne ooapemeba for wo shift and sensitivity 


Mnufactwera can further i q aow tranaduoar p erfor an n oa by locating the 
resistors ad thacadators in the ase W mfi a wii QMaat as the taagiaa ntiiif 
sensitive sober. Inatzuaant u e a r s can insulate instraaants to stabilise 
teagwiaLure and can apply oonectiona bo oalibrstion curves for aero shifts 

iWa n n inBd fr m g y ftffm rB iiPn i 


OWXSXBC WlfiB ru» 
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The object at the cryogenic flow study was to establish the state-o f -the- art 
and to racraannd either a specific floe s/eboa or if that was not possible, 
to establish a direction for future danekput. 

of several variables, if the aoaiiuxceant is node 1 either inferantially or 
directly, a ooapaneation of vwriflhUa eat be Mb into consideration. 

Density is always mason bo an inferantially anas Measumaant with either 
a velocity or velocity agwed iimannsnrH neeired. Since density itself 
can be a taction of pressure, bapenbaa, barque or damping ratio an 
inferential iwuuui i—d of flow oan consist of e great deal at variables s 
sobb of which oan cower a large range, b the <hmct aaeeaawt of aass 
flow the output oan be a saeMRwant at linear or a ngular acaaateua or 
haat tra nsfer. Although the oa tpdt oan be a single vwriaMs the nechanian 
wgrtwrt to g T iinmte the output oan be wtresely uonplax and liaitad in range, 
in addition to the above noted problems, there are a nuabar of notarial, 
installation and desist pwNas that also mt be solved. 


The initial M ea nufactur ers 
Thews candidate 
eleven inferential 
ficMnrters, such 



bo 

aaae flow 1 

Jr addition to nwraifartiawu of 
aa facility calibration and previous 
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datj wore reviewed. After analysing all candidate systosm, previously rra 
test data, test facilities and the ttaticnal n of Standards at Boulder, 
it was concluded that no fla t me to r had a proven history of meeting the require- 
nun'ja. TVo system types looked promising — the turbina-capacitaroe densi- 
ton :• r inferential eater and the heat transfer mass nunentvm nt-tur. Of 
t.*‘ * U»J systems, only the inferential turbine candidate had seme data at 
a cryogenic gas teBpc^ature and hence is the raxsmended choice. 

CRWGOtIC LIQUID CRBCnON tut ts/tty 

Dus section cowered twelve propellant gaging systems otfered iy rune manu- 
facturers. Five of the systems are applicable tj positive g notifications and 
seven arc applicable to both positive and aero l, us**.-. V.*hm systems can 
be further categorized into five basic operating prutci) lcs. These are point 
s en s or, capacitance probe, radio frequency, miiasonic, Ail nucleonic systems. 
Point sensors and capecitanop probes are only useful in jositive g environment s . 
Die infrasonic and nucl/eoiic systems are applicable in t g envtrorments , 
however, both designs are still in ene ievelotz.v .1 at**- aiil ut tlus tine 
upoee a high weight penalty to obtain goad accuracy. 

Dm uae of the sore standard oomrial cylinder capacitance sensor system for 
continuous gaging of propellants is not practical due to the capillary rise 
that o c cu r s at low gravity conditions, the capillary rise for IU 2 id UK 
is on the order of 4C and 20 inches re cep t ively for capacitance sensors 
similar to those used in the Saturn S-II stage. 

Since future apace vehicles operate radar both zero g and positive g environ- 
ments, no single u o uu ep t of propellant gaging provides the desired accuracy 
wider both conditions. D» results of the study indicate that the radio 
frequency system is best for propellant monitor Log during zero gravity periods 
tdmn propellant tanks are less than half full, firing periods of positive g 
the discrete level sensing aystsm offers the hest accuracy especially during 
propellant loading and for monitoring the liquid level with tanks full. 

Dm beat design orsparmias appears to be a systmn utilizing both the RF 
system and discrete level s c n a o rc for all phases of the vehicle operation. 

ckvogbixc mwa a mwi wmuhbsot mMxxxxar 


Orssswi l.iil cr y ogenic thorsnaabars are available vfiich are capable, under 
carefully jantrollsd conditions, of precisions greater than ♦ 0.05 K. However, 
such precision can only be obtained under static or quiescent conditions. 

■ten the r mo m e t ers are requited to respond to rapid tssperature fluctuations 
such as ooour in the cooldown of propel Ian* lines, the indicated tem pe ra ture 
may depart significantly from the’true" tssperature. the loss in validity 
of the — naurtmant doss not reflect a degradation in accuracy of ths 
tsoperature sensor, but rather indicates that the tssperature of ti« sensor 
is not at all times ths same as ths surroundings. 


the berms "accuracy" and "reproducibility*’ require sons explanation pertaining 
bo t e mpe ratur e treneduoars. Accwacy is the significanca with which the 

cam indicate ths absolute th erm o dyna mic tsoperature. This includes 
errors of calibration as well as a w n due to n cnrapr o duci hllity. Reproduci- 
bility is the variability o b ser ved in repeating a givwn measurement using 
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type. Changes prod 1 ed by thermal cycling 
bifint are also included in this 


n»»rature sensor material » can be divided into three categories: pure metals, 
"■* -metals, _nd thermoelectric devices called thermocouples. Miile there exist 
' r uber of pure metals that are mote or lees suitable for resistance therroo- 
•vtry, platirvw. primarily became of army favorable characteristics, has 
^.-ccae predominant as a teeyerature measuring element. Desirable features 
such as ready availability in hi<£i purity and extensive knowledge about 
platimn's behavior down to 20 K haw tended to p er p e tu ate its uee. Its 
principal disadvantages are low resistivity and insensitivity below about 10 K. 

Copper, rickel and tu n gsten haw also bean exploited as tog* mature sensing 
elements. Copper is inexpensive and has a very linear tnperature/iesistance 
. iationship. jpper has poorer stability and reproducibility thm platinun 
and its low resistivity is undesirable when a high resistance element is 
r -quirod for Uaperature maasursnants Lelow 100 K. Nickel is widely used over 
■J)c teeperature range of 170 K to S7S K; however, this report was primarily 
concerned with taiperaturae below 100 K and at this tanperature, very little 
r 1 . has been dtane with nickel. Tungsten — isors are less stable than other 
rvtal sensors because full annealing is ispractical. At 1cm temperatures the 
• -^rcentage change in resistance per degree is ouch less than platinum. 

' * ~sten ’ s qreat mechanical strength allows ex t remely fine wires resulting 
convenience for rasnufactisring sensors having hi^h resistance values, 
t tnis is not isportant unless the probe resistance Bust be larger than 
' cr 6 thousand ohms. 


‘-^- Tctals such as seedoonductors, carbon resistors, and thermistors are used 
• rroeratvre sensing devices in the -baratory with some advantages over 
, ore metals. The gre at e r diaadvan* . for their usage on e ipece vehicle 
within the tespo^eture range of 20 tr 100 K tend to discount than as a serious 
consideration unless further dwalopnant and knowledge is purruad. 


Germanium semiconductors are available from several ensnare lal sources . The 
sensing element is a snail single crystal with high resistivity. The resistance/ 
temperature re l ationship is wry ooeplex and requires many calibration points 
whan used over a wide tasperature range. The reproducibility is poor and 
thermal cycling causes sens drift to occur. This affects their interchange- 
ability drastically. 

Carbon resistors have bean used as temperature sensors at e xtr emely low 

r ra tuxes. Carbon has a high sensitivity in tin temperature range of 0.1 K 
„ ovout 20 Kj however, above 20 K the <®/dT is very unstable. 

.' ..r-ustors are inexpensive and very smsitive to tanperature . They are mail 
ir. size and have a high resistivity. Tteisd stars have a nonlinear R-T re- 
lationship and poor stability. Because of the nonlinearity, ruasrous celi- 
Lii tion points ars required. A single thermistor is generally unsuited for 
. tuapsrature spans because its resistance goes from values which are so 
i.ijh to be lnoonveniant to values which are too low to be measured with ccn- 
ven* tonal signal conditioning equipment. Several thermistors suet be 
• .-> cover a wide tesperature span. 
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Thernocr » 4 > 1 m in comparison with other teoperatura sensors have certain aduan- 
taqtM. The temperature sensitivity span can be mall, and is mom flexible 
fnr installation. The thermocouple is a device of ocmperatiusly low cost, 
fug*, accuracy, wide maasuremant range, fast thermal response, niggataass, 
and reliability. Sane of the more obvious disadvantages are the very low 
output voltage requiring none ocnplax and oostly aigial aonditioning equip- 
ment, and the homogeneity of the aaterials used to manufacture t h e r n poo gplea 
is such that interchangeability without ocuplete recalibration is isparactioal. 

After an objective analysis of the diffamt methods of temperature measurement 
in the 20 to 100 K range, the wire worn! natal, especially p latinos, is beet 
suited for measurements where high accur ac y and stability is required. The 
thermistor is best for point masenranants and the th er imacouple beet for high 
taspera tures or fcr rough indication of takers tuxes. 

Resistance bridges are used as a ccsparison device for measuring precise 
resistance ratio relative to tmip er atu re change of a platirun thermometer. 

In staking ccsparison resistance measurements for attainment of a high degree 
of precision, of the order of 1.0 PSM, the following design considerations 
should he evaluated whan selecting a particular bridge design: effects of lead 
resistance, thermoelectric self's, self-healing, reactance, bridge linearity, 
noise, interaction, bridge sensitivity, and accuracy. 

From the rumrous available bridge designs, a desiipmr has to determine as to 
which of the bridge designs is moat suitable for use for a particular desiy. 
implication. Therefore, in order to establish a methodical design approach, 
these rsmerous bridges are described in its basic form as either a full or 
half bridge . These basic fc idgss are than evaluated for its advantages and 
diaadwrttages based on applicable draipi considerations. In the process of 
evaluation, these basic bridges are reconfigured for use as either syswntric 
or asymmetric configuration and as a low level or high level bridge cutpit 
based on the inpc.tanca of a particular design consideration. A table 
depicting the advantages and disadvantages relative to the various design 
consider a tiane has bean prepared to provide direction in the design approach. 

bead resistance is widely accepted as a major problem in a temperature m e asur e- 
pant system design. Because of this problem, rawer jus bridges such as Mueller, 
aaith, Seimans and numerous others have been developed since 1671. Eadt. bridge 
has smrits in leaders resistance ooupsnsaticn, and therefore each is dis- 
cussed in this report. Variations used in these bridges can than he a d a pted 
to the basic bridge selected for the best lead resistance deepens* t ion. 

HIQi TWERA3URE ST2MN CAGE TBOWCLOCY 

The abjective of this section of the oanponents technology report wes to review 
current strain aanaing device* and evaluate their performance in a 15o0 F to 
2000 F airborne thermal environment. The evaluation consists of ccmparing 
gage principles of operation, gage materials, gage attach methods, installation 
techniques, performance characteristics and gags availability. 
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A literature survey was conducted which resulted in the selection of three 
strain sensing devices for evaluation: 

electrical resistance strain gage 
t'. Electrical capacitance strain aa ap 
c. Thermal-null strain sensor 

The resistance strain gage operates an the principle that wian a load is 
applied on any material, that material will expand or contract causing 
strain within the material . If a grid of wire is bonded too the material , 
it will stretch or be strained exactly as the surface of the test material 
is ctrained. This stretching and o e m pre a sing of the grid wire causes a 
change j» the electrical resistance of the wire tduch is proportional to 
the strain in the test masher. 

erv* of the major contributors to errors in high temperature strain gage 
applications is the effects of apparent strain In a resistance gage, 
apparent strain causes a change in resistance of a motsitsd gage due to a 
change in beepers ture without an applied load on the test specimen. In an 
effort to reduce this apparent strain error, teaperature cCRpmnaaticn is 
included in the gage designs. 

•tarry resistance gage allays have been tasted in an effort to extend the 
fwr taaparature limits. Mast alloys exhibit a solid solution phase change 
below 1200 F. this phase change causes an anomaly in the resistance vs. 
temperature curve and yields an unsatisfactory alloy for high temperature 
strain gage usage. Platinum-tungsten alloys are currently the beat available 
tor high tenperature resistance strain gages. 

Attachment of high taaparature reel stance strain gagas can be acaospliahed 
by using ceramic oanant, aluoinun oxide flame spray or by welding. The method 
used depends upon the tutorial of the test specimen. 

There are many resistance gagas an the market today. However, only a relative 
few advertise the capability of operating at 1500 F and none at 2000 F. 

Since 1968, Hughes Aircraft, and Mright Patterson Air Fores Flight Dynamics 
laboratory have coordinated on the development of a high taaperature capa- 
citance strain gwge. This gaga operates on tha principle that variations in 
the gage dimensions caused by strain in the test specimen will change the 
capacitance of the gage. This change in caper i tones la than diraetlj pro- 
portional to the strain in the test specimen. The configuration selected 
for the capacitance gage was a parallel plate gaga mounted in a rhombic 
frame. The gage consisted of a capacitance we f far containing stainleea 
steel plates with mica dielectric insulators wow tad in a stainless steel 
rhombic stress frame. 
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3.0 CRYOGENIC TOMPEWOURE MSASURBCMT TBCWJXOGY 

3.1 INIRXOCnCN 

Cryogenic tsnperature measarenenta are among the asst raiaezoua and important 
measurements on apace vehicles containing cr yogenic liquid propellant. 

Typical measurremnts required are for engine system performance evaluations, 
propellant conditioning data, tank and feadline insolation performance, 
propellant quantity and loading data, liquid-gats detection and strati- 
fication data. Tie highly volatile nature of liquid hydrogen and liquid 
oxygen make it mandatory for safety considerations that temperature measure- 
ments be accurate and reliable. 

Temperature measurements fundamentally give information regarding the energy 
levil or thermal potential of a subBtrnoe. A tfluparatme history indicates 
vie tiler the energy level of s substance is increasing, decreasing, or remaining 
constant. However, the te m p e ra ture that a se ns o r actually senses may be 
quite different from the temperature you went to measure. Proper choice of 
a temperature sensing device depends primarily on the following considera- 
tions: range, accuracy, and installation. 

The temperature range of a measurement, in many sees, can iaamdiataly identify 
the kind of sensor needed, for exssple, if the teeperature range is 1000 to 
3000 F, the choice of a sensor narrows to either of several types of onenwr- 
cial’y available thermocoup l es. However, if the teeperature range is -350 
to -100 P, the choice widens to include several types of thermocouples, 
resistance thermometers, thermistors or even semiconductors. Accuracy re- 
quiranancs inpose additional restrictions. TWo factors oust be revie we d. 

‘foe firet is t>m inherent accuracy or the measuring device . This includes 
repeatability and stability, and r epresents the best aocuracy that can be 
achieved < aider ideal conditions, foe second factor, usually more inportent, 
is the inaccuracy of the actual measuransnt caused by environnental effects, 
method of installation and use. 


e 

r 

t 

p 

j. 

i 


r 




D- 


Future space vehicles require measurement accuracies of 1 to 2 percent of 
full range for many measurements. These aocuracy values require that extreme 

cere be eHerdaed in the measurement system design, selection, and applicatio n , „ 

of transducers. 

This invest lgatiai was concerned with taoperatura region between 20 r. and j t 

100 K which i srrsr n nef i w the liquid treperature of oxygen, nitrogen, 

and h ydr o g en, fosse three fluids are most ocnmcnly used in apace vehicle [ 1 

applications for propellants and pressurization. 

( • 

(tost cryogenic treperature measurements today are mads by utilizing p lati nu m s 4 

resistance thermometers, and tharmocoigile*. However, recant progress enlightens j i 

us on the possibility of using other sensors such as carbon resistance thermo- ' 

meters, thermistors, and aemiccnductrre. I ' 
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“Dus report investigated each of the above mentioned types weighing the 
advantages, disadvantages, and application areas of each type versus the 
other. Also riisruaspd is the role of resistance bridge® in platina wire 
resistance thanacaetry. However, design considerations discussed here may 
be useful relative to strain gage nsaMseemmits and also to other types of 
*anperature measuring sensors such as thermistors and other resistive type 
thermometers, the Intent of this section is to establish a methodical 
approach to designing a resistance bridge associated with platinum wire 
thermometer for use on a msdiun to a large scale space vehicle. 

3.2 ISffERfmiHE MEASURING tBCHKXQUBS 

3.2.1 Definition of Terns , 1 

Accuracy - The ratio of the error to che full-scale output (usually expressed 

as "within + per cent of foil scale output*) or the ratio of the error 

to the output, expressed in percent. 

Conduction Error - the error in a tesperatnre transducer due to liaat con - 
ductim bet w e en the sensing element and the mounting if the transducer. 

Environmental Conditions - Specified external conditions (e.g. , shock, vibration, 
temperature) to which a transducer may be exposed during shipping, storage, 
handling, end operation. 

Error - the algebraic diffexwns between tbs indicated value and the true 
value of the meaeurand, usually supraanart in p erce nt of he foil scale 
output, Bcznetiasa expressed in percent of the output reading of the trans- 
ducer. 


Input Impedance - the inpedanoa (presented to the excitation source) meesumd 
across the excitation terminals of a transducer. 

Linearity - the error resulti n g from mechanical da formation of the traru- 
duoer caused by mounting the transducer and making all weeurand and elect- 
rical connections. 

jeasyya - Die maasurand values, over which a transducer is intended to measure, 
specified by their upper and lower limits. 

Recovery Time - The time interval, after a specified overload, after ttoich 
a transducer again performs within its specified tolerances. 

Repeatability - Die ability of a t ra ns d u cer to reproduce output readings 
when the sue meaeurand value is Applied to it repeatedly, under the same 
conditions, and in the sane direction. 

Resolution - the magnitude of output step changes (expressed in per cent of 
foil "scale output) aa the measunmd is continuously varied over the range. 

Response Time - His length of tine required for the output of a transducer to 
ris« to a specified percentage of its final values as a result of a step 
change of maasuzand. 
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Self -Heating - Internal heatirg resulting frcm electrical energy dissipated 
within the tranactioer. 

Sensing Element - That part of the transducer which responds directly to 
the neasurand. 

Sensitivity - The ratio of the change in transducer output to a change in 
the value of the seasurand. 

Stability - The ability cf a transducer to retain its perfo rmance throughout 
its specified operating life and storage life. 

Strain Error - The error resulting from a strain imposed on a surface to 
viiich the transducer is mounted. 

Thermal Coefficient of Resistance - The relative change in resistance of a 
conductor or semiconductor per laiit change in tespsrature over a stated 
range of tecparature expressed in ohas per ohm per degree F or C. 

3.2.2 Metals 

The electrical resistance of pure metals varies with temperature from about 
0.3 to 0.6 percent resistance Change per degree K (Kelvin) at room besperature. 
Metallic sensors referred to as resistance temperature transducers (HOT) 
are ecst cosmcnly platinum and nickel; however, aopper, tungsten and nickel- 
alloy sensors are also used. 

ttaterials used for the resistance elements are chosen on the basis of their: 

a. TSsperature Coefficient of Resistance 

The sensitivity of the transducer is a function of the tenperatuxe coeffi- 
cient of resistance or the change in resistance for a unit change in 
taspa rat ura. The higher the coefficient of resistance, the larger the 
resistance change for a given tesperature span and the mere sensitive 
the transducer. The normal range of values for tha K factor (a m ea s u r e 
of the tesperature coefficient) is from 0.002 to 0.0035 ahms/ohm/F for 
conductor used as resistance thernaasters. Thin equateu to a 

resistance change of about 0.3 to 0.6 percent per degree centigrade or 
Kelvin. 

•ft* k factor is defined by the aquatic*.: 

“-( sr - 1 )/ 47 

Here, Ifc is tte resistance of the element at scam convenient temperature, 
nonmlly 20 C, T the (separatum deviation from 20 C, and R the net 
resistance at the temperature, this squat im holds reasonably 

well over large tespe ratu re changes. 
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Figure 3.2. 2-1 acpp ores wrioui naittann type tsoparature sensors owr 
the range of 0 K tc 35 K fixing % at 20 K. Figure 3. 2. 2-2 exports this 
relaticnsh* up over the medium range of tsamcstu re fi"<ug Rq at 273 K 
(c c: . 


Resistivity 


As with the coefficient of resistance the higher the slsasnt zevuti«roe 
the more convenient it is for nancurmaant purposes. Tbtai elerant resist- 
ance is related to the resistivity of the material and inisue disaster 
that the wire any he d r aw n -4iich in turn is a function unbar of 
factors such as tensile stren gt h anJ ductility. 

Kamils Strength and Ductility 

Both t h es e factors datandne tha wire disaster far a given application and 
mini hub wire sisa available. Platimn md ataxy other materials are 
available in 0.007 inch dlaneter vfiile tungsten with its high tensile 
str engt h is available In ouch finer wire diameters, down to 0.0002 inch. 

Stability 

Bor the transducer to be use' 1 in a large number of explications, it 
oust be stable wider a wid- variety of anvironasntal conditions such as 
vibration and abode and in the presence of chemically active fluids. 

In addition, it *ust be cte.j»lly and metallurgically stable over long 
time periods. 

Linearity 

This characteristic is also desirable in that it a i apll f l es the relation- 
ship between resistance aid beeper a ture, easing calibration and aaaling 
as well as eliminating, in very linear t r a n sducers, a nsbar of a loond order 
electrical problems. 

Thble 3.2. 2-1 swmaarizas the properties of various conductors which have 
been used as slesants in resistance tsnparature tra n sduc er s. Included in 
the date p rese nt e d are the resistance at 273 K in ohms per circular mil 
foot, the taaagmratuna coefficient of reaistanoe in ohme/olu'K, the approsd.- 
mats aftrimm a tenperature of the base wire, the tensile strength, melting 
point and mininra wire size available. 


3.2. 2-1 Characteristics of Comm Ttuperaturs Probe Materials (3) 


Material 

OBspositicn 

Res. 21V (0C) 
chma/aa: 

R/R/X Tbnails St. 
x 1000 1000 lb/sq in 

Min. Mid. 
Dia mils 

Platinum 

•C.P. 

199.999%) 

59.1 

3.92 

50-100 

0.70 

Kingston 

C.P. 

30.3 

4.50 

400-500 

0.14 

Hides! 

C.P. 

36.0 

5.22 

120-150 

1.50 

•Owmlcally Pure 
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The f jndaoantal method of measuring tanporature is the gas thermometer using 
tnemndynamic principles. Although the gas th en mae t er is the accepted 
standard, it has limitations which prevent its practical use except in 
laboratories, lb met the need for a practical means of tanperature measure- 
ment, the IFTS (International Practical Tnperature Scale) evolved beginning 
in 1927 and finally agreed upon in 1958. 

ever the range firm the boiling point of liquid oxygen 90 K (-183 C) to the 
freezing point of Antimony 903 K (630 C) , the platiiun resistance tanperature 
transducer is the internationally accepted practical means for bmtperature 
imasuremeiic in accordance with the IPTS. The Callendar-Van Queen equation is 
specified means for interpolating between fixed points. 

fa -')£)* 

T * Tanperature in degrees C 
r « Resistance of thenwnetar 

Rj * Resistance at 0 C 

, 0 Are inperical constants explained in later paragraphs. 

Solving the equation for Rt/Rq yields a useful form of the Oeliendar-Van Ousen 
equation as follcws 

77 * ltA [ T ' s ‘ ')] 

The constant fi is measured at the axygwi point and is approximately 0.111 for 
tseperature below 0 C. ft is aero above 0 C. 

Interpretation of a >Vpha) 

The i&gnitude of alpha is related to the degree of purity of the platinum wire 
and the degree to which it is free from strain. Die addition of inpuritias 
to the wire aeuees alpha to decrease vdnereas mechanical oontraints and strain 
may either increase or d ec r eas e alpha. Strain free wire of highest purity 
will have an alpha lose than 0.03937 atavtotav'K. Hast transducers used i- 
aerospaoe applications have an alpha exceeding 0.003910 and ajproaching u. 003920. 

Interpretation of J (delta) 

Above 273 K (0 C) , the constant 5 accounts far the nonlinearity of the resist- 
ance tanperature characteristic crave. If ( were aero, then the curve would be 
a straight line with slope, a. Die larger the value of £ , the greeter the non- 
linearity. Practically, j is approximately equal to 1.49 and is positive. 
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THi«, the mitunx tsnperaturs characteristic is alnat a straight Lins 
aid the negative second order tars causae tte curve to he concave 
(board. 


3.2. 2. 2 Nickel 

Nicktl iias been satisfactorily usad as a resistance thermometer material . 

Its lew cost as coopered with the standard p Latins* t her m omet er has baan the 
deteznviiuxig factor in its adoption for industrial masument in the range 
fraa atxxit -75 C to ♦150 C (-100 P to +300 F) . Nickel is less stable than 
platinua, however, and has a nuch larger £ at te s peratura a above -75 C. 


The resistance taaperature characteristic ia very nonlinear. The slope 
increases .. th an increasing toparature, Ref. Figure 3. 2. 2. 2-1. which 
coheres nidcel, tinge ten, and platimsi at temperatures freer 0 to 300 C. 

Very little information is available about the diaracteristics of nickel 
below about 100 C. There are no Timmrri a) ly available nickel t herm om et ers 
which ate rated for use at te^erctcses of 20 to 100 K which is the primary 
concern of this report. 

3.2.2. 3 lings ten 

Ttogsten has an R-T relationship (Figure 3.2. 2. 2-1) which is not as well 
known as that of Platinua. Fully annealing tmgstai is ispractical, therefore, 
tings ten sensors have been fowl to be less stable t'.an well-made piscinas 
sensors. At very low temperatures, the percent change per degree is lesc 
than that of platincm. Tungsten has dasonstrabed good resistance to high 
nuclear radiation levels. Tungsten's eschanical strength (Table 3.2. 2-1) 
llows extremely fine w_res to be handled, resulting in convenience for sanu- 
facturing sensors having high resistance values. 

3.2.3 N o n Me tals 
3.2. 3.1 Thermistors 

Thermally sensitive resistors are semiconductor ox wants which exhibit resist- 
ance changes with a change in tem pe ra ture. unlike wire type pit's, which have 
positive tmperature coefficients and fairly linear curves, thermistors have 
a large negative tanperatura ooefflciant and nearly exponential curves. 

Thermistors are semiconductors of ceramic material nods by melting together 
mixtures of metallic oxide such as aan g e na s e , nickel, cobalt, copper, iron, 
and uraniisa. Ttmir electrical characteristics are controlled by varying the 
type of oxide and the physical Bias and configuration of the element. Thermal 
sensitivities vary’ greatly but they are generally more sensitive then therno- 
cmgrias or RPT's. As a mult they can be used over narrow temperature ranges 
with good acc ur acies. Thermistors con be fabricated into different shapes 
While still in t Im ran-curad state. Standard foams nan available are beads, 
discs, washers, and rods. 
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teads are aade by faming anil ikqa of thwlitor material on two parallel 
t we n:«. The material is sintered at high Tiaras imei until tie leaa* 

*«* eotxddai tightly in the baeds and ante good electrical contact. Per 
cryogifuc use the baede are usually awaited in evacuated car gas-fillmi glass 
tulle. Assistance values of 300 jhae to osar 100 a goh a at tom tiagaiai m 
otv uvo^^ble in glass probes of appctmuaately 0.1 inch dimeter ad 1/4 to 
2 L'Xi'es in iervyth. 

Discs and toshers an* mate by pressing thermistor aaterial under several tans 
pressure. These round pieces are sintered and than silvered an the two flat 
sides. Discs normally range fzon 0.1 inch to 1 inch in dimeter and 0.020 
inch to 0.5 inch thick. Resistance values from 5 to 10 K ohas can be produced, 
testier? -nay be merited on a bolt singly or as a stack with terrsinals betw ee n 
3uch that they aay be conn e c t ed in aeries or parallel. 

Rids are extruded through dies to aske long cylindr:. cal isuts which are 
normally 0.06, 0.11, or 0.17 inch in di— trr and from 1/4 to 2 inches long, 
leads are attached to the ends of the rods. Resistance values can be made 
frera 1 K to 150 K atom. The major ■ i v an t a ge of rods over other type** of 
ttermisters is the possibility of producing high resistance units with mderate 
power handling capar. ity. 

The resistance of a thermistor is solely a f motion of its absolute uegwta- 
ture. Refererwe Figure 3. 2. 3.1-1. The bmqmratuze coefficient of resistance 
for a thermistor (oc) is usually ngrtaeui as peroent/degrees K. Thermistors 
of different materials run frm -3% to -5.8%/K at roan temperature as mgaue d 
to 0.3C% far plat i raw. Thermistors hevt many advantages over other testers ture 
measuring devices, formr o a t being their extremely high taeperaturr sensitivity, 
about tan times that of aetal resistance thermistors. Another advantage is 
that their resistance at the operating tape ai in is sufficiently high bo 
nuke laad resistances negligible. The objoc disadvantage of thermistm is 
their nonlinearity; however, systems have been developed to compensate for 
this. Ths low tmeparature limit is a result of insensitivity in the measuring 
system vftan the thermistor resistance be c ome s very large. Typical values of 
resistance and at liquid oocvge n temperatures are in the order of 100 X ohm 
and -11% per degree X. This results in a change of 11 K ohm per degrees K at 
Wk tmperature. This characteristic sates thermistors very difficult to use 
when large tempera ture excursions need to be measured, however, they are 
particularly u s e ful for narrow range s of me asurement. 

3.2. 3.2 Carbon Resistors 

Various kinds of carbon resistors have been used to measure cryogenic tempera - 
ture*; the Allen-Brmdley being the float widely used. Several experimenters 
(4) [5] have develop'd an interpolation formula to describe the resistance- 
tasperature relationship shown in Figure 3. 2. 3. 2-1. 

At extrmaely low temperatures (below 20 X) , carbon resistors are imry sensitive 

to *~T — They have bean used mainly far research purposes, for 

temperature measurements from about 0.1 X to *) X with good results. 
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n-*? principal disadvantage has baan an appreciable nonraproducibility on 
uerraal cycling. In a paper tv Straus i5) , the stress resistance effects 
vere noted and greatly reduced by heat treating a 1/2 watt resistor, then 
.... .rxj the molded epoxy case and mounting in a probe with strain relief 
.it t_-k' eiid supports. 

Oermainun Semiconductors (2] 

.iumauusn resistance thermometers are available frtn several coaaarcial 
•irci'S. The resistance element is a snail single crystal. Because the 
.os.stivity is high the element can be short and thick. It is mounted 
strain-free in a protective capsule. The resistanoe-bsperature relationship 
f ' i oanmercially available Germanium thermometers [2] having somewhat 
difierent uipurity contents are shown in Figure 3.2. 3.2-1. They are 4 -a be 
nonlinear and above 15 X platimm has a greater percent vge change per degree. 

The* t-7 relationship fur these reraioonductors is very cooler and requires 
’•ar.j’ calibration points. 

3 . 2.4 Them oodles 

"Sertxxsnjles are used as temperature transducers because of their inherert 
accuracy, measurement range, fast response and reliability. Sensor operation 
:= h*s<xi on the Soebeck effort [7] in which an electric current flows in a 
' too nf two dissimilar metals when the junctions are held at different 
. -ltures. If the thermocouple circuit is open, an electromotive force 

will be developed at the terminals, whose magnitude and polarity depe>d 
or. properties of the metals and cn the taaporature differonoe. In practice , 
one junction is considered a reference and the baaperature at the s e c on d 
junction is then fcord by measuring the onf and referring to calibration 
tiM«. If the diffeienoe between two temperatures i. desired both junctions 
i-jl.’ used for measurement and no reference is necessary. 

ihemwcoigiles, because the sensing g motion can be rsduoed in sire, have the 
advantage of fast response tine and little disturbance of the ndiisn or object 
being measured. They also have a very low voltage output which mist be 
measured. This disadvantage is accentuated at low t-npsratures where the 
thermoelectric power, £ is usually mnaller than at higher teoperatures (Reference 
Figure 3. 2. 4-1). 

As stated by Cornice mi (£] , thermocouples have a less familiar but very 
serious disadvantage, especially at cryo g enic toperatures . The net emf not 
only depends <*1 the materials used for the two wirra but also on material 

1 ogeneitiea which, if located in a temperature gradient, will introduce 

paras it ic voltages. These inhcmogmeities may exist due to variations in 
chsmucal aonpoeition or may oonsist of crystal lattice inperfections intro- 
duced, for example, by kinking the wires. 
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Althou^i aany notarial* can ba oosbinad to produoa a thermoelectric affect, 
curtain pairs hove bsoona standard. Those met cossenly used in tha United 
States are clans! fieri fay the l euneoant Society of Asarioa as in Table 
3. 2. 4-1. Type E (ChronoVOonstantan) produces a high and. stable eaf over the 
specified ranges. Output increases fras 2(^t V/deg K at 60 K to 40y* V/deg x at 
120 K. Type E is especially useful for differential aaasurenant, since tha 
large output allows easy amplification. 

Type J (Iron/Oonetarttan) is widely used because of lcs# oost and high output. 

The estf increases fren about 26/1 V/dbeg K at 80 X to tVtV/dsg K at 1060 It. 

Type K (Chrouel/XliBcl) has an output cf about 25/tV/deg K froe> 80 to 240 K. 

Type I (Oopper/Oonstantan) is generally useful to 80 K. The mat cutfut increases 
) fras 10/tV/dsg K at 40 X to 25/c V/J»g K at 240 K. feperinsntal tsets and cali- 

bration at the Rational Bureau of Standards, Boulder, Colorado (7], between 
4 and 280 X have been conducted using Chronel, copper, “noraal" silver, 
Onstantan, Aliwel, and gold - 0.07 at. % iron. Mery t hensooayle owfcinaticns 
esn ba snde fras these raetarials; ho ew r, tbs three pairs widely used in the 
g r yog snic t nwca ture rings are C op per vs. Oonatantan (Type T) , Chitwel vs. 

Slvsel (Type K) and Chrcerl vs. Cc^tantan (Type E) . A fourth destination 
vTticn is receiving increasing use is Chnsel vb. gold - 0.07 at. * iron. This 
thermocouple is particularly isportant become of its relatively hi^i eensiti- 
• ity at oyogmic taoperat'Tus. Figure 3-2. 4-1 oo epar es the four types of 
t hernnoou plae sost ooramly used at cryogenic teperatuMe. 


Table 3. 2.4-1 ISA Accuracy and Range Values for Cosaon Thermocouples 


tm 

TNoecovu 

MU HWK. 

our 

ACCMMC1. 0B r OS KBCEBT. OKS SSNK. 0B T 

1 

oeaeucsKT/WT/u 

» - *00 
tOO ■ 1*00 


"UW* 

i 

♦ 3F 

« i/is 

MTS SOT 
AMIURi 

■ 

mojtBKimm 

-310 TO *1.400 

*4 056 f 0 TO *530 

*3/4* *530 TO *1 .*00 

*3 SB T 0 TO *530 

tim «S30 *1.400 

■ 

oatm/MiMi 

•300 TO <3.500 

t* BK f 0 TO *530 

•V« *«30 TO *3.600 

MTS SOT 
AMIUW.C 

1 

camwmvmm 

-310 to *no 

*a -ito ro -n 

M-I/3KSF -TS TO *380 

♦3/«* *300 TO *300 

*11 -300 TO -n 

*3/4 OB t -31 TO *200 
*3/03 *100 TO *300 
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In apace applications, indicators and reference junctions are usually mote 
from the maasuremant points. OonnacUons to the thannorxxyleii rest therefore 
be aade with extension wires [9] specially selected not to introduce errors 
in the measuring circuit. Load wires are often oonpoeed of the sane materials 
as the thermocouples. However, far thermoco u ples of the more expensive 
materials (gold, platinise) the cost makes it mre practical to choose wires 
of capper and copper-nickel alloy that c lonely match the required characteris- 
tics. Extension wire may be obtained as insulated matched pairs, with color- 
uodod conductors and insulation. Twisted pairs are also supplied, to provide 
high rejection of electromagnetic interference. 

Various insulations are available, selected for flexibility and diameter as 
well as resistive to tssperature extremes, moisture, corrosion or ab r asio n . 

The most satisfactory and easily reproducible reference junction is the Ice 
bath consisting of a mixture of shaved ice and water. However, ice type junc- 
tions are ispractical for aerospace me. There are several electrical , solid 
state reference junctions available. The basic design enploya a toperature- 
ssnsitive material thermally bonded to the cold- junction thermocouples. The 
rasistance-bmperature curve matches the emf curve of the thermocouple 
material. The voltage change is then equal and opposite to the cold junction 
thermal junction over a wide tasparature range. The self porered type of 
ooopensaticn provides a constant voltage, allowing the electrical reference 
junction compensator to be placed in remote parts of the system. 

Even thexigh thermocouples and extension wires are properly selected, errors 
can be introduced during installation and service. Several precautions should 
therefore be observed. Bar exaspla, excessive deformation of themxxxple 
wire cen adversely affect accuracy, so bending, flexing, or stretching should 
be avoided. 

The thermocouple sensing elanent should be placed so that the measured 
te mperatu re is representative of the equipment or mediw to be monitored. 

If the thermocouple is ismersed in a fluid, the depth of iamersion should 
be sufficient to radios hast transfer away from the measuring junction. 

A B'ntn™ depth of tan tires the outside diameter of the protection tube or 
thermowell is reamrendad by the NBS (7] as “usually adequate to prevent errors 
due to thermal conduction.* 

3.3 TRANSDUCER DESIGN CONSIDERATIONS 

Several types of sensor elamsnts hove bean discussed. In order to cover seme 
of the important design considerations of transducers used to measure cryo- 
gmic tasperatures, the wire wound sensing element using platinun wire has been 
chosen as a typical exasple to discuss difficult design problons. In general, 
wire wound resistar x th er mometers have several advantages over the other 
typos of measuring devices. Not only are they suitable for measuring large 
temperature differences and high tasperatures, but their high accuracy 
makes them especially valuable in narrow range and cryogenic applications. 
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Vfell designed resistance then.xmeters have excellent stability. Some error 
sources *#uch mist be considered and minimized to achieve the accuracy require- 
ment cf future space applications are: 


Self heating 
Stem conduction 


Response lag 

Transducer configuration 


In order to minimize self heating discussed in the temperature-bridge s action, 
transducer resistances as laige as the size or configuration of the instru- 
ment will permit are required when cryogenic tenperatures are being measured. 
Platinum wire resistance diminishes rapidly in the cryogenic temperature 
region. Therefore to minimize errors and to increase resolution, transducers 
are selected far large ice point resistance values. As an exanple, the 
resistance of pure, annealed, strain-free platinum wire varies in accordance 
with the relationships t .low: 


At 32 F 


S - 1 

Ro 

wtere FT » element resistance at tenp T F 
Ro » element resistance at 32 F 


At -320 F 


and At -426 F 


0.1893198 


H - 0.0036070 


The relationship above indicate that a transducer with a resistance (Ro) of 
100 ohms at 32 T would have the resistance diminish to 18.9 ohms at -320 F 
and to 0.36 ohms at -426 F. In order to inprove sensitivity and to minimize 
such effects as leadwire resistance variations, element resistances mist be 
selected high. 

3.3.1 Sensor Configuration 

Sensor configuration design involves a tradeoff of transducer size, weight, 
operating benperature range, signal conditioning design, platinum wire 
diameter, and wire winding area. The limitations of the resistance value 
which can be wound for a given probe type transducer is a function of the 
length and diaoe ter of the probe and the element wire size. For example , 
a probe with an ice point resistance of 2500 ohms requires a relatively large 
winding area Using 0.0007 diameter platinum wire, the length of element 
winding is determined lelow. 


Wire length (inches) 


Ttatal Prefae Resistance 
Element Resistance/ft 


12 inches 


2500 ohms 


250 inches 
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II we assure a acnstant disaster probe of outside diameter equal to 0.340 
inch and mandrel diameter of 0.287 ire* (at the £ of wire) , the probe 
sensing element length can be determined as ralmiat-ad below. 


Circunference of probe 


tto. of wire turns 


Element sensing length 


« IF x diameter at 4 of w i*‘ e 

- 3.14 X 0.287 

» 0.901 inches/turn 

Wire Length 
Length/Turn 

250 inches 
.90l inches/turn 

* 277 turns at a pitch of 0.005 
■ 277 turns X .005 

* 1 . 38 inches 


This length s»y or may not be acceptable for a given applicatun, For example, 
in the case of a feedline measurement, the ideal sensing configuration may 
be to concentrate the sensing element as does to the center t possible to 
minimize stmn conduction effects and to penetrate the faedline co a desired 
depth. A probe of tie shortest element length comes closest to achieving 
this ideal configuration. Performing the calculations with art element wire 
diameter of 0.0005 inch results in an dement length of 0.680 inch Mtich 
reduces the element lengl i of the O.hC / inch wire by approximately one half. 

The 0.680 clement length is a definite mp r o v ement over the original 1.38 inch 
length. At tills point a niter of tradeoff factors mist be considered. The 
mailer size wire may be more susceptible to failure under vibration and alec 
may require more care during the manufacturing process (vhich may result in 
higher cost ) . Another factor aav be to increase the probe diameter to shorten 
the sensing elenar*-. length. The tradeoff resulting from this change is to 
increase instnma.c mss thus affecting measurement response and also increasing 
susceptibility to stem aonduction. Hie larger diameter may increase unit mass 
to the extent that material may have to be added to the threaded end in order 
to survive the dynamic environment. 

3.3.2 Physical Configuration Influence an Taipexature Measurements 

the fundamental principle of platinise resistance tharnonetry is that the 
transducer registers a tsnparature measurement equal to its body tanperature 
in the region of the sense wires. Any influence which tends to alter this body 
tesperature with respect to the measured t enp era ture will result in a 
"measurement error." This fact is an inescapable considers tier in tha selection 
of a tenperature transducer far a given measurement, ston conduction error is 
the neet txnw o n axanple of this influence and is a serious error source in cryo- 
genic measurnmant applications, other configuration influences may not be so 
obvious. 
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In a Saturn S-II application tw> configurations of tenperature transducers 
were installed at approximately the sane location of the center engine L3X 
feedline aocunilator. This measurment redundancy resulted from a flight 
system measurement and a hardwire measurement with each system using a 
different transducer configuration. 

the center engine LCK feedline aocunilator is charged with heliun gas during 
engine run. the accuiulator tenperature measurements provide an indication 
of heliun gas or IHX in the aocunilator. During a static firing test of 
the Saturn S-II, the flight (telemetry) and the ground (hardware) measure- 
ments indicated that two opposing conditions ware occurring, the flight 
probe indicated that tcspe.-ature within tiie aocunilator was rising while 
the growd probe indicated that tenperature was dropping, these indications 
occurred after the liquid surrounding the probe was replaced with heliun gas. 

the data in Figure 3. 3.2-1 ind-cate an initial warming during accuiulator 
heliun charging. Following this initial wanning, the measurements both indi- 
cate a cooling, the flight moasurmnent then reverses and shows a acntin>xxis 
vanning but the ground measurement continues Tooling and drops to a subcooled 
indication and row ins in the subcuoled state for owe r 60 seconds before 
indicating a warr ng trend. Figures 3. 3.2-2 and 3. 3.2-3 show details of 
the internal configuration of the probes. Both probes were fcund to have 
an internal volume which could entrap LOX. the flight probe volume is 
ported at both the tip and the base; the ground probe volume is ported only 
at the tip. Both probes than entrap LCK and the significance of this is 
that LQX with i heliun blanket will boil into the partial pressure condition 
of heliun ana cause subcooling of the probes. 

Based on the data derived from laboratory tests, the following deductions 
were determined: 

a. The initial warming indioauon is caused by the probes sensing the 
stratified or warm LCK from th- oleed line and accuiulator top as the 
liquid level decreases and enpties from the bottan. 

b. When the probe was uncovered, its external wetted surface and internally 
trapped liquid boils or evaporates into the partial pressure condition 
of the heliun pressurant. The heat far vaporization is extracted from 
the probe and its residual liquid causing the oooling indication. The 
variation between the flight and ground probe is a function of the 
volute of internally trapped liquid and its escape path. The flight 
probe has an easier escape path (open on both ends) yielding a much 
shorter cooling period. 

c. Whan the probe's internal liquid is either spurted out or boiled off, 
heat extracted by the ~'rabe from the warmer heliun gas generates the 
final rise in tanperauire indication. 

The probe configuration ideally preferred for liquid/gas msasurwnants is shewn 
in Figure 3. 3. 2-4. This configuration eliminates void qaaoes of the transducer 
vtfiich could entrap liquid. In add! fan, the relatively sharp edge of the probe 
reduces adhesion of liquid to the probe assuring the quick drainage of liquid. 
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Figure 3. 3. 2-2 Flight Temperature Transducer 
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Figure 3. 3. 2-3 Ground Measurement Temperature Transducer 
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Figure 3. 3. 2-4 Liquid/Gas Temperature Probe 


- 33 - 


SJ72-6M>?.56-3 


jiOPRODUCIBIl ITY»OFJH& ORIGINAL PAGE IS POOR. 


— r 




•i.tf.a* . .1. a... 


* m ■ 


WZ . 



* 




Space OMslon 

North American Rodiwel 




the iine iwnu described, the flight configuration nan closely 
resembled the actual temperature conditions since laboratory teste anl the 
'lata ^rv fieri that less liquid was entrapped in this oonfigura .or.. » 

1.4 BRIDGE DBSIC3J CTMSIDEPKTIONS 

The electrical aspect of measuring tecperature with a platimm thermometer 
consists of a precise measurement of resistance ratio. Therefore, to determine 
the temperature sensed by a platinun therm ome ter, measuranent of its resistance 
car. be attained by comparison methods upon a resistance bridge. Because 

of the extreme reproducibility of the resistance change with tenperature, a 
eery nigh degree of precision, of the order of 1.0 PW can be attained. 

In mcxing measurements to this precision, several major design considerations 
should be evaluated when selecting a particular bridge: 

a. Effects of the resistance of leads connecting the thermometer eloaent to 
the resistance measuring bridge circuitry. 

b. Thermoelectric enf's developed by tenperature changes in the thermometer , 
its leads, cxnnector contact resistances, and other ports of the bridge 
circuitry. 

c. The limited amount of electrical power which may be dissipated in the 
thermometer and in the bridge resistors without causing a significant 
uncertainty due to self -heating. 

d. Reactance of thermometer, ^eads, and bridge circuitry should be considered 
where fast r es po nse is desired. 

e. Linearity problem car be introduced vhen thermometer is combined with a 
bridge to form a tenperature measuring system, e.g. , nest linear 
transducers will produce a highly nonlinear tenperature-s> stem output if 
not used with proper bridge. 

f. Noise - electrical interference can be critical if low level output bridge 
is considered, e.g., noise level of 50 millivolts in a law level 0-100 
millivolts system can be catastrophic. Proper shielding and grounding 
trust be observed to obtain noise attenuation less than 5 millivolts. 

g. Interaction b e twe en each measurement in a multiple bridge system using 
arte 3xcit»tior power stpply should be minimized by elimination of a irairnn 
impedance. 

h. Loss of bridge output sensitivity can occur if output multiplexing system 
input impedance is not considered. 

Because the platLnjn thermometer provides a widely accepted standard for 
measurement of torperature oar a relatively wide range, ncmerous techniques 
for measuring its resistance i eve bean developed. However, he basic techruq^je 
is to deteimine the tenperature sensed by a resistance the rmc leter by measure- 
ment of its resistance by ocnparieon methods based upon a resistance bridge. 
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i^vto oridgea arv used as a caparison device tni once the hruigp us ir. 
ui.ancu, the value of the tnerwcsett c resistance can te calculated by a s --pie 
ratio equation, or a bridge output voltage prcporti.mal to the deviation •'rcr 
trs? balanced condition represent!.?*! the thermometer resist aro» cnange car. 
re deteminad. Tb calculate this deviation, tl* bridge sensitivities for 
tie cnange ir. resistance ard the terperuture causing it, rust oe kncwr. . 
"trefore, when a nridct is selected tc be used as a ooq 'ri&n device, 
ur-doe equations for talanotd ocraiticr. and both, sensitivities should be 
kirivvd. Ninerous technical papers neer. -writ ter. descrU-inq the dc-i 

tiers of t is.: equations for variow, types c.f basic bridges a.— j therefore 
will r».t be J * sous so: ir. this report. However, the advantages and disad- 
vantages relating to a particular measurement prodo-. when marine a selecTion 
from a list of various types o f bridges available will be discussed. 

Ir. reviewing different types of br.nges, it bec*t apparent that these ir^dges 
are variations of a lasic fridge rvthoo vTucn can he describe! a;; e : tier a 
naif c a fa-, trifci ‘.see Figures 2.4-1 and 2.4-2 . Fror. thes«. uaM~ rtetnds. 
varia-.ora car * added suer, that a hull or naif bridge can becaae either 
syrtsi'tr ic where K = 1 or asymmetric where K * 1 based on its particular 'usage. 
Therefore , basic bridge nk.-trods cen be develop. i with, variations added to a 
more corplex method cr low love! output bridge such as Mueller, SButh and 
Caileniar bridge metvxis. For exanpie, (1) a half bridge method is selected 
for 'use a»*n there ire a large nirher of raoasurerents required Ouch vaailT 
reduo- the cost per measurement , (2) tne half bridge is then varied to an 
asymmetric bridge for u-Tpravmner.t in iinearify and sensitivity over a symmetric 
bridg>, (2) the bridge is then, either balanced or unbaianoai depending upon 
its taqierature range and spa; . (4) the bridge is considered for either high 
level or low level output based on self-heatung requura«nt, and (5) finally, 
leacfcvire ctepensatinc circuit is added to the bridge. Thus, the finalized 
bridoe would look surular to a Sierens thr e e wire bridge. 

The basic full and naif triage variations can ae smaariaad as follcws: 

The full bridge variations (see Figure 3.4-1) 

Can be used as a hi^i level bridge output (0-5 v) or as low level bridge 
output (0-100 tav'. 

Can be used as a syrmstrical bridge »*iere K * 1, as asynwetxical bridge 
where K + 1. 

It is a Wheatstone bridge using only one excitation power supply. 

Gin be used as a balanced or unbalanced bridge output. 

Leadwire ctxrpensat ion circuitry is required if thenoneter is locatad 
at a distance. 
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The half bridge ^nations - (see Figure 3.4-2) 

Can be uMd as a high level bridge output (0-5 v) or as low level bridge 
output (0-100 nv) . 

Car be used as a symmetrical bridge on re K » 1, or asymmetrical tridoe 
where K f 1. 

TV> power implies replace the single s.pply and the two inference ares 
of a full br'Jge. 

Can be used as a balanced or unbalanced bridge output. 

Leadwire aonpensation circuitry is required if therm— ter Existed 
at a distance. 

It is .j^>ortant that the two basic bridge designs are usually varied in accord - 
anoe with consideration to one or sere of the aixrjc listed major desicpi con- 
siderations. Therefore, »*«en selecting a pacific type of bridge, mayor 
design considerations should be a factor for a particular measurement problem, 
lack of understanding of major design considerations could sake designing of 
a suitable bridge a frustrating task. A thorough understanding of design 
considerations would prevent an inferior bridge di_iign. It is difficult to 
assign importance to any one of the above listed design considerations, it is 
felt that all of the design considerations should be seriously ■ valua joJ 
prior to final nation of a particular type of bridge. Therefore, an in dept'' 
discussion of each mojor design consideration related to a particular need 
would be wurttwtile; and therefore, these discussions are included. 

3.4.1 bridge Lead Resistance 

Nunerous bridges, to name a few such as Callendar-Grif f it is, Nisller, and 
Se unen, have been developed to minimi re the effects of le.<dwire resistance 
connecting the thermometer element to the resistance Treasuring bridge cir- 
cuitry. For temperature measurement systna used in a large vehicle ryston, 
vhere bridge circuitry and thermometer element are usually a considerable 
distance apart, lead resistance as such as 2.5 otms to 5.0 ohms variations 
can be experienced . Figure 3.4. 1-1 depicts a full bridge with a typical lead 
resistance problem. Table 3. 4. 1-1 shows typical percantaoe ->f error 
experienced for different tarperature ranges measured due to the lead 
resistances. 

Calculation for determining lead resistance can be rrade using the follcwinr 
equations for bridge depicted by Finite 3.4. 1-1. 

10° r 

A ■ x-r where all lead resistances arc <qual 

r T * r L + 6TT 
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A = ervor due to leads as c percentage of full scale output 
vol tage . 

r L ' P 'J AR 7 \ 5 \i = 8 L3'"u 

r T = ^rr A 

Rp, * .(unortn res stance of sensor 
4R_ - full scale change m resistance of sense - 
V**>n lead resistances are not eqtfel, error in bridge is: 

B = 100 (R^ - 


B * error as percentages of full scale , and P . and R. , 
are unequal. u ^ 

In the abcMe two equations lead resistance R ^3 is isiimportant since it is 
in series with the load. Table 3. 4. 1-1 shows errors calculated by equations 
(1) and (2j when lead resistances varied between aero and 2.5 alms (Rjj * 

«L2 - 1-25 ortne) . Percent errors are largest calculated for all cootunations 
ci lead resistance between zero and 2.5 ohms at either balanced or full scale. 
Occept for very are 11 Rn, errors are apprax’mately proportional to the 
magnitude of lead inequalities, and nearly independent of the cinunxn lead 
resistance so that the results are representative of the case where leads 
vary free 2.5 obns to 5.0 ortns. It is also noted that the effects of lead 
resistances are also suppressed when Rfc, » R c and the bridge is balanced. 

Table 3.4. 1-1 shows that when leads R^ and are equal, percent of error 
is nuch less than when Rri and R t? are unequal . However, Rjj « Rjj is 
isirealistic since it is difficult to attain controlled lead resistance during 
procurement. Figure 3. 4. 1-1 shows what can be done to compensate for lead 
resistance error by means of a three wire bridge, provided the lead resistances 
are equal . A close study of Figure 3. 4. 1-1 will show that since R a « Rfc,, the 
bridge is in oa lance only when sensor arm has the sane resistance as the 
adjacent arm: therefore, the same amount of lead resistance is introduced in 
the sensor as in the adjacent arm, and the amount cf the lead resistance 
dues not affect the oa lance point, provided the lend resistances are equal. 
Figure 3. 4. 1-1 also depicts the complexity of lead resistance problem because 
i flwt resistance inequality can be substantial since wire varies a significant 
anxnt in diameter and even more in cross-sectional area. In addition, 
individual corrections, connector oontacts, and relay contacts if relays are 
used for calibrations, can contribute considerable additional individual 
lead variation. Lead resistance problan can be classed as (1) variation 
for the case when all leads vary su.nl taneously , and (2) deviations of resist- 
ance from one lead wire to mother. As stated above, many variations in bridge 
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design h«ve evolved in correcting lead resistance problac.r such as Sei pens' 
three-wire bridge, smith'? bridge, and Roeaaont's triple bridge. These 
bridges will be discussed Later for their applicability to solution of a 
particular lead resistance problem. 

3.4.2 Thermoelectric emf 

Ther. jelectric emf developed by tenperature changes in the thermometer, its 
leads, acnnector contact resistances, and other parts of bridge circuitry 
could bo a problem. The major consideration for this problem is to avoid 
dissimilar metal usage in connector ocntacts and connecting wires in the 
overall system, parti cu larly in arses where tsnperuture variations are 
ummant. Since the thermometer region appears to be where the greatest 
tseperature variations oocur, careful evaluation of thermometer construction 
should be made. Alec, controlled environment for the bridge and its excita- 
tion power supply would minimize the thermoelectric emf problem. 

3.4.3 Self Heating 

Self heating of resistance the r mometer may vary from one application to 
another, and can be considerable whan thermometer is used for c r yogenic 
measurements due to its low resistance at cryogenic temperature. Therefore, 
the limited anoint of electrical power which may be dissipated in the 
thermometer and in the bridge resistors could cause a significant uncertainty 
in the measurement. It has been considered throughout the industry that 
20 ma (RMS) of current through the thenmmeter or 10 milliwatts is acceptable 
without causing any uncertainty in the measurement. Reason far this is that 
the thermal time constant is long ocopared to excitation period; therefore, 
effective heating current in thermometer elaaent is related to FWS current 
and not the peak current. 

Exasple: A 450 ohm platinua in liquid oxygen (54.7 K) has an offset 
of 0.1 K for excitation current of 25 me RMS. 

Method for use of current greater then 25 ma RMS can be attained by use of 
time-sharing techniques such as nultiplexing excitation power source to the 
sensor and/or bridge resistors. 

Example: 450 ohm platinua shews a negligible self heating when exci- 
tation with peak currants of 100 ma with duty cycle of 1/60 
RMS current is 1.6 ma. 

Mien determining whether a full bridge or a half bridge should be used, a 
practical condition is the self heating limitation within the the r mometer 
element, expressed as the mater of watts dissipated within the probe to 
yield one degree tsoparature rise for a particular set of ambient conditions. 
Tte self heating limitation is generally provided by the thermometer manu- 
facturer as power sensitivity (VC) , or power which can be dissipated in the 
thermometer to achieve a given rise in tasperature. This, in turn provides 
a constraint upon the excitation source far either full or half bridge 
system. Bgustions for the constraint are generally given by the manu- 
facturer; for exsqile, for the following basic type of bridges: 
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Half bridge 


e ± \!J2 IZZ 

where 

«f> “ mimnuii expected value of (probe resistmte) 

• power sensitivity 

£ X « poer source adjacent to the probe 
Full bridge 


c - \Ju) m Rf ' value which limits tha self heating error 
to 0.5 K. 

«x?re power limitation is critical, full or half hridges can be designed for 
lew level oueput. V*ere larger bridge output voltage is desirable, the 
bridge can be pulsed. In this manner, the bt age output should be a pul jed 
aquare-vave. However, the duty cycle must be small If nuloiple bridges 
are used and the bridge output* are multiplexed, the sampling time oould be 
made to coincide with the power pulsing time period. 

3.4.4 Linearity 

Linearity relative to temperature measurement is much more canplicated than 
it would appear on tne surface. Often the designer would loo* at tho 
linearity curves for various resistive wires and makes a selection on that 
basis. The crucial element in linearity attainment occurs when the thermo- 
meter is coifcined with a bridge to form a terperature measuring system. 

The most linear thermometer will produce a highly nonlinear tenperature 
system output if not used with a proper bridge. Conversely, a nonlinear 
thermometer is often used to obtain linear tenperature measuring system. 
Parameters which oould affect system linearity are as follows: 

a. Thfcrromnter linearity 

b. Type of bridge used such as symmetrical or asymmetrical bridges 

c. Bridge loading 

d. Thermometer location 

e. High level or lew level bridge output 

Linearity is comaxily stated as (11 independent, (2) zero based, (3) full 
scale based, and (4) terminal (Figure 3. 4. 4-1 depicts all four) . Independer c , 
which is most ocrmonly used, is obtained by drawing a best straight line 
through the curve, such that the equal positive and negative deviations of 
the curve from the line exist. Zero based is obtained by drawing beat 
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Figure 3. fc. 4-1 
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straight line from the point of origin. Full seal* b— sd is exactly opposite 
to zero baaed. Terminal is obtained by drawing a straight line hati wen the 
tM9 end points. Of these, independent linearity is most frequently used with 
the linearity stated as a fraction of the tseperature span in de g r ee s or per- 
centage. it should be noted that any linearity specified usually applies only 
for a specified span and taperature range. A theznonater which exhibits acme 
degree of linearity ewer a span of 100 K nay exhibit different debtees 
of nonlinearity depending as to where this span is selected on the resistance- 
tenperature curve. In addition, the narrower the span, the better the linearity. 
Therefore, a graph of linearity for a specified temperature span does not 
depict the linearity obtainable for other spans and ranges. Kith variation of 
span and range, an inferior thermometer may become superior under selected 
operating conditions. A full or half sysmetric bridge is raocmeandsd for usage 
in obtaining the best linearity. The reason for this is that current flow 
through the sensor an is at high asyenetric ratios effectively independent 
of its resistance. This is not the case for a full or half synmetric bridge. 
Generally, if a bridge in usage is nulled or balanced, linearity is not a 
significant problem. However, in cr y ogenic region balancing the bridge would 
be difficult due to the low resistance of the sensor element which would 
limit power applied across it. 

3.4.5 Bridge Sensitivity 

Bridge sensitivity is generally categorized into two types: first sensitivity 
relates the bridge output voltage to resistance change a! >ut the null and 
has the dimension of current; second sensitivity relates the output voltage 
to changes in teeperature. In practical bridge designs, maximm sensitivity 
oan be obtained if sensor can be energized with its maximm allowable voltage. 

It should be noted that the maximm allowable voltage is determined by self- 
heating power limitation of the thermometer element. Therefore, wten 
designing for maximm sensitivity, self heating limitation within the thermo- 
meter should be considered. Also, sensitivity factors could be decreased by 
the ratio of leadwire resistance to lag resistance; and therefore, sensitivity 
also becomes a function of the change in leadwire resistance due to ambient 
teeperature variations. Generally, when a particular bridge is selected, 
its bo sensitivity equations should be derived and all parameters included 
in these equations should be evaluated for envirortnental variations. In 
addition, leadwire resistances which are usually not included in these 
equations, should be considered. 

3.4.6 Bridge - The rm o m e te r Temperature System 

Accuracy of a selected bt idge-therncmeter temperature system should be defined 
as the ratio of the e rro r to the full scale output. Accuracy is usually 
expressed as "within + xxx pt resent of full scale output . " when calculating 
accuracy, peroent error for eaci. «A«ystem at ambient condition should he 
considered for the total tenperature measuring system, which ahculd include 
telemetry and data processing if measurement is processed in this manner. 
Accuracy for a total tmperature measurawr.t system can be broken down into 
sub-blades as follows. 
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a. Thetmemeter - Accuracy for a particular and range can be calculated 
frer the calibration or repeatability data provided by the supplier. 
Hww, by rule-of-the-thunb eat into te, an accuracy of one percent or 
less should be sufficient. 

b. Bridge and associated aoeponents - Accuracy calculation can be complex 
because power supply, bridge ccnpcnants, and leadwize resistances have 
to be considered. However, by rule-of-the-thunto estimate, an accuracy 
of one percent or less should be sufficient if attainable. 

It should be not«d chat when considering accuracy many variations to the 
total system could introduce errors such as excitation power supply, lead- 
wire resistances, bridge repeatability, and electrical noise. Therefore, 
caution should be exercised when specifying total system accuracy. 

3.4.7 Noise Reduction 

Noise eduction techniques should receive a serious consideration when a 
half or full bridge is designed far high accuracy low level output (o to 500 
nv or less) . Noise voltages ss much as 50 nv peak-to-peak are realistic with 
the best of proper shielding and grounding. Sources of electrical inter- 
ference are many, and include all power generation circuits, utilization, 
control, txanni.ssion, distribution equipment, conductors, and other inatru- 
nentation systems in the vicinity of a low level tmeperatme measuring sysban. 
Low level system signals are particularly vulnerable to inte r ference, 
especially then they traverse considarablr distances. Higher information 
accuracy requires even greeter interference suppression. A 0.1 percen t 
accuracy would require suppression of three to six orders of magnitude. 
Suppression by these ratios is usually difficult even with the application 
of proper shielding and grounding practices. Mtereusr possible, interfere! oe 
problems should be anticipated during the design of aystam. Generally, 
solutions to suppression of noise inter fe rence lie in the careful and 
intelligent application of basic principles of control to the proper design 
of wiring systems » respect to shielding and grounding, proper choice 
of ttermcmeters, an. the desiept of bridge circuitry including excitation 
power supply. Figure J.4.7-1 depicts a special case in s desist of tanpera- 
ture measurement system using an asymmetrical half bridge with a low level 
output of 0 to 100 millivolts. A discussion of this design relative to noise 
interference problem may he of valu to a syatms designer. Figure 3.4. 7-1 
depicts numerous challenging areas Metre noise injection could possibly 
enter and degrade the measurement system. Solution to reduction of noise 
in this system can be complex if all factors attributing to the problem 
are considered. An example of this oosp laxity is that using twisted shielded 
wire would minimize magnetic c o u plin g of noise but would increase capacitance 
between wires and t he shield and therefore would make systn vulnerable to 
electrostatic coupling of noise. It should be noted her* that the noise 
coupling is usually due to U) magnetic axpling, or (2) electrostatic 
coupling. Qmrally, the best solution is to eliminate the source of noise 
vid avoid close proximity of electrical and inetwimn cation wiring. 
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However, these solutions may not be practical especially in a space veliicle 
where viring space could be critical and a pulsed electrical power is a prime 
functional requirement. Since *-anperature measurement system has less 
priority than vehicle electrical functions, noise solution often is confined 
tc the measurement system. The best way is t- reroute the noise interference 
signals away from the system. Figure 3. 4. 7-2 depicts how this can be done. 
First step is to connect noise generators as Then in Figure 3. 4. 7-2. Second 
step is to measure noise voltages between points as depicted ir. Figure 3. 4. 7-2 
using an oscilloscope. As a final step, wherever noise voltages are measured, 
steps should be taken to reduce the noise voltages to an acceptable l-vel in 
a lew level systan (0-100 mv) or a high J evel systan (0-5 v) . One me '•hod 
would be to ground the shield directly to the nearest structure -a .her than 
to a single point ground (SPG) . This should reduce the noise [•« ■tential 
between points B and C. An alternate method would he to oonnect points B 
and C together. Noise potential between points A and SPG can be reduced by 
connecting a sufficiently large capacitor between points A and SPG. since 
other Tethods are available, the aforementioned methods should be performed 
experimentally and may not produce the best recults. However, it is suggested 
that all possible failure modes be induced such as thermometer element (F 0 ) , 
is open-circuited or grounded on either side to case ground (structure) wfien 
experimenting. Another method worth mentioning is to connect a sufficiently 
large capacitor between the high side of the bridge output and the return 
side of the +1 v voltage source in the case of a half bridge design, and 
directly acrosu tne output for a full bridge design. Wien in a high or low 
level half bridge system where excitation power with two voltage sources is 
used for multiple half bridges, the capacitor should not be connected from 
the high side of the bridge output to the oer men return for noise leduction. 
Reason for this is that if one thermometer element is grounded or open 
circuited, interaction between the bridge containing tie open circuited 
thermometer element and other normal bridges can occur, thus degrading the 
measurement outputs of these bridges. 

3.4.8 Interaction 

Interaction between measurements in a multiple temperature system can oe a 
problem if a half bridge system is used. Usually the cause of interaction 
is due to a system which has a ca an cn inpedanoe point such as split power 
sources as in a half bridge and a thermometer failure. Solution he- ould 
be to minimize the cow me n inpedanoe point which is not difficult tc attain 
since most often it occurs in the power supply where inpedanoe can be mode 
very low to have any effect. In a nultiple measurement system using a full 
bridge, interaction is not a problem. Interaction problem can inadvertently 
be introduced when using a low level half bridge system by introducing a 
potential oaiwa n inpedanoe during noise suppression. In resolving noise 
problem, a designer usually finds it vsry oonc^oent and effective to place 
a large capacitor across each of the bridge outputs for m’ -Ami zing unwanted 
wise voltages. A cursory circuit analysis of Figure 3. 4. 7-1 will shew that if 
the tharoometer element is open-circuited intermittently, the noise repression 
placed across the bridge output would charge and discharge, and 
thus interact with each of tie bridge output capacitors. Thus, if a thexmo- 
reter elsnent is op«n-circuited intermittently, ths capacitor for this bridge 
w .,1 a react as a cownon inpedanoe. This is not easily recognizable because 
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' failure in the thermometer s*sst occur before interaction can tare j-iac**. 

ton using capacitors to resolving noise problems, various 
• Hare fflates in to’ system should be sisulated to cause-effect before to 
- i'fp beooBfcw finalised. 

■••i.'* ftaactanot 

F«»:tais» £m be a prcoliw in cither f"U car half bridge systm »tisre a fart 
v?s 4 .»,is»- tire is desirable. Designers noraiily wwii. 1 ! constd^i only the 
i ..*****>£<.• time of a thermometer relative to seme sodden therssii change. 

Howesac, if a reamn*}.!* response is d*sirable, Assignor shc*iid analyze to 
total reactance of a «ystots which should include thersrmeter, cable capa- 
citance, convector contact uiijctanoe*. tot capacitaacm/inductnnce us to 
bridge cvrecit. Usually, theinnwetor and bridge reactances -.**1 be evaluated 
en a bench i,*v*sl test; and thereby, response tin* can be detentmed. ‘tjwp’.^ar, 
m a iarue vehicle systaa, table capacitance e*i uubctance swy he consider tfsie. 
A helpful figure for ogiaeitaaee and inductance is usually 6,003 pioo-furacU 
j*?r tot, and 20 nano-hehries per inch ;**e range; for a 2C- r*?e iJtfvl) ’ ' ids-J 
tstiaiad Wire. Cable and coanecior laBuCtaacmr may nut be a prot>l«r since 
to- basic toponse time is limited by to ther m om eter >n to total systeR. 
'CuualiV, to detrimental reactance is intratoed inadvertently when capacit »rs 
are irstiaduged during .noise sivprcssicn. SC time aanstan» c-£ toss aapar 
citors. e 'd be corns: ierable to affect tie? overall sysfaer- response. The 
roapo ti s e tire should retch that of to theracmeter. 

It-, conclusion, wit - desitpi considerations see evaluated durirv. design ct 
temperature saeasuraswa.r system, a ebadt list of all design ocsisidteratibos 
shoo-d \e prepai«d ‘.see Table 3.4.^-i? . It, this manuer, aa'h time a change 
is made fear one consideration, a took U*t should direct to desi^isr to a 
'Tos»r ial problem in another design oocsideratinr.. T: ere fore, a reasonablr 
tradeoff can be afotai ed for optima finalized design. It should be noted 
here tot tore are ator design considerations,. particularly tore ac instead 
of dc excitation is used. However, above decigv consider at ia a discuoso 1 
indicat e the obeplexity of a simple looking bridge design. 

Since 1471, ton Sir William Seism* described to first resistance thermo* 
meter, rusae.ee bridges have been developed such that a great confusion pre- 
sently exists ton selecting a sol table bridge. It is hoped tot this report 
would eliminate that confusion mid enable a designer considering a large 
temperature Measuring system design to methodically select a suita ble bridge 


4i oridges can be classed in their basic fora as either a full bridge or 
a half bridge. Him* bridges arc ton described as either sysmetric or 
asymmetric. Figures 3 * 4-1 and 3.4-2 depict a full bridge and a half bridge 
With condition specified for its use as a symmetric or an asywa.tr ic. 1he?ve 
iridges are ton balanced or unbalanced depending on a part icul a r image {see 
figure 3.4.9-1). Therefore, these basic bridges can be categorized into 
eight different types or ■wthods. Table 3.4. 9-1 depicts evaluation of ,-ach 
‘retitad relative to a ma>'r desi^sv canaidaration. It aheuld be aubsd t»t 
to effects could change depending upon to uee of the basic bridge « a 1 am 
i-w- or high level output ..ystem. Variations aeded to tome ur* type# of 
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bridles haw been due to various solutions in resolving the lend resistance 
problem. Mast of these variation bridges haw been nmed in accordance with 
t!ie .lev-eloper, e.g., Callendar-Griffiths bridge, Mueller bridge, and Semen'* 
three 'r four wire bridges. Uackare resistance has been the meet troub’.o- 
sor» | ; ,.ler in designing a temperature measuring system. Therefore, a*ter 
iuvi.m solocti*! a basic type of bridge, careful evaluaticn of the various 
tyyo* of variations of the uasic bridges such as Semen's, ibuth's aid Mueller's 
all of which >H 4 »»ar to je wry p op u lar far loadwire resistance suppression, 
siKxiid be made. For example, Mjeller uses a full bridge system with addod 
ci r, 'a l try for caipunsation of leadwire resistances winch can be modified 
for .uie in a half bridge scheme. 

Question now arises as to which type of a basic bridge snoul^ be used; should 
it be a full bridge or a half bridge, should the bridge be designed as an 
asymmetric or a symmetric full or half bridge, and should it be operated as 
a low level bridge output or a high level bridge output, and finally, she aid 
it be balanced or unbalanced. Table 3.4 .9-2 may provide scrv direction when 
making this decision. It should be noted that for all eight bridges, certain 
design considerations are all c o w an , such as lead resistance, reactance, 
and therar-elactric problems. Wen using Table 3. 4. 9-2, low level and high 
level outputs should be oensidered, e.g., isportancc in power limitation 
which is usually the determining consideration in a bridge design, uspeciall" 
in cryogenic usage where resistance of a tromometer clement is quite 
low, can be minimized by use of low level system. 

A typical mnsfile for designing a tmaperature mrasurenent system can best 
illustrate the problems enco unt ered m the design approach. An asymmetric 
half bridge is favored for this sample based on the results or Table 3. 4. 9-2 
for a platinum thermometer with a range in the cryogenic region. It is noted 
that the t -e ma n e ter resistance in the cryogenic region is very snail and 
therefore self heating in the chenmeter element is critical. The f^llowina 
advantages gained by use of asymmetric half bridge at** discussed with some 
ao^wrisons aade bet. ma n full and half sysnetric bridges. 

3.4.10 Sensitivity 

For a amxiaszs sensitivity, it is desired that the thersnmeter be energized 
with its sexism allowable voltage, for example, if this voltage is S volts, 
and if k * 10 (sss Figure 3.4.10-1), then tho power mpply for the full bridge 
can be 5 r volts without earner' ing the senscr limitation. The bridge arms 
divide this supply so that 5 volts appear across the sensor, and 50 volts across 
the KH arms. A half bridge can also have the sane voltages by using one 5-vrolt 
source and am 50-volt srrjruc. Figure 3.4.10-1 depicts the voltage change 
that appears across Ag far full or half bridges when sensor changes by one 
percent, if Ag has no lo*J. As k varies fran 1 to 50, the bridge output 
voltage changes by a fw-» . of nearly 2. Both the full bridge and the half 
bridge sensitivities i on The sensitivity graph lave the smae no-load 
voltage signal, an! ti. .-for* are shown as an ideal condition. Dus means 
that when a load is applied, the sensitivity would decrease by the x>unt 
of the load resistance applied across the bridge output. 
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icSt-h tii- bridges are loaded, Rg is not infinite, power output be cc n e s a 
! actor. Figure 3.4.10-1 depicts that a half bridge is significantly better. 

:*;■ ’.«lf brick*- offers lo^'r output uipedanae and thus greater output power 

cun u.- jtuin-l. A loaded asymwtric half bridge with k - JO can prcriuc*.- 
four tines the power output o ( a sytiWDtric full bridge with k » 1. Therefore, 
to»ir aavantage car lie attained if half bridge is used over a full bridge 
and also usod an asymmetric rather than a symmetric bridge. Usually, a 
factor of 2 as depicted m Figure 3.4.11-1 can be obtained by use of asymmetric 
.‘iaU bridge. Tho power requirements of the asymmetric brioge and the power 
dissipated in tlv dump aro usually establish the k factor value selected 
for the bridge. A k factor of 20 approximates the knee of the pjuer-waltage 
gum curve (see Figure 3.4.10-1). This, or a lughcr value, is desirable 
but not always practical. In many cases, a high active leg potential voltage 
is not required. u>e volt is used for many tagperature bridges to limit 
dissipation in the- tenperature sensor. For exaqpie, with one volt across a 
sensor, it will dissipate 10 milliwatts and the KR dumty load will dissipate 
200 milliwatts at k « 20 with KE at 20 volts. It should be noted that 10 
milliwatts is the maxinun power limitation -r posed by most thermometer 
manufacturers. 


3.4.12 Linearity 

Figure 3.4 ‘ *-1 depicts the linearity of a half bridge with no load (Rg is 
infinite) is mproied as k is increased firm 1 to 20. The asymmetric full or 
half triigr is capable of increased linearity because the currtr.t flow 
through the active ana is at high asyaamtric ratios effectively independent 
of its resistance. In a sywastric bridge this cannot be attained. Therefore, 
linearity of the asymmetric fu or half bridge is considered far superior 
for all conditions of loading an d-S narrow or wide excursion of the act.ive- 
arm resistance. However, Wan a null reading is CRployed in any type of 
bridge, linearity is not a ii<yuf leant problem. Bridge linearity under load 
can also be -proved if the bridge ir so designed that the active sensor 
decreases in resistance rather than increases (see Figure 3.4.10-1). 

3.4.13 Miscellaneous Advantages 

The half bridge has other important advantages -och as (1) wiring is 
reduced, (2) power ctnsiming dtsmy lags are eliminated, (3) the center tap 
of the split power supply source may be grounded. This allows multiple 
bridges to operate firm one ou anen power supply without serious interaction . 
Also, this is er. itial to telswstry applications where all outputs have to work 
against ground, a. Ji full brif a *, differential input conmutation is 
required to secure the tarns advantage share multiple hridg.-s are powered 
by one excitation source. 

The limitation of the asymmetric bridge is expressed in terse of (1) variations 
of active-arm resistance, (2) desired linearity, and (3) reasonable value 
of asymaetrlc-lag potential. Rawer dissipation in the asymmetric-lag and 
pow er supply wattage requirements tfiould be considered. Aside from these 
limitations, an asymmetric half bridge appears to be far superior in performance 
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•A'er <iU other basic types of bribes. It should be noted here that two 
precautions rust be considered when employing the half bridge. 1 iirst 
precaution: Rp nwst b. large relative to iny lead wire resistance to prevent 

errors due to the variations of leadwire lesistance with Lerperature. 

\ x'cod precaution: if, through any cause, the power supply outputs do not 

diange in the same proportion, then a fraction of the difference of tne 
uxsoiute values of their voltages will appear as an output voltages and this 
is especially critical where low level output is used. 

Since load resistance problem appears to be cxnmon and outstanding with 
eitiwsr full or half bridge methods, a brief discussion of the various bridges 
developed for the purpose of correcting this problem may be useful. From this, 
further variations can be adapted for use in either full or half brn je 
method selected for a particular leadwire ret 1 stance problon er. count .-rod . 

3.4.14 Callendar-Griffith's Bridge (sc® Figure 3.4.14-1) 

The Callendar bridge was designed for ocRpensation of lead resistance problem. 
Hus bridge provides a ccnper sating loop of wire which essentially duplicated 
the leads to the thermometer it. terms of electrical properties and physical 
location. This loop was then placed in an adjacent arm of a unity-ratio nridge. 
Hus bridge permits the use of a potentiometer for the finest balance setting. 

The Callendar bridge is considered good fo use where temperature difference 
measurements arc require.: This type bndgte rlso has advantage over the 

3-wire types in that the contact resistance of the null potentiometer is 
place:' in series with the bridge output and thus nay be neglected. By elimina- 
ting the effect of lead wires and contact resistance, the bridge is useful 
when the thermometer element resistance is low - from 10 to 10P ohms. However, 
♦his type bridge ir not considered good for use where precise measurement is 
desired. 

3.4.15 Hjeller Bridge (see Figure 3.4.15-1) 

This bridge is a variation of tne Wheatstone Bridge. Various advantages can 
be gained by this bridge such as the use of unity ratio arms which permits 
thermometer lead oenpensation by lead balance and/or reversal technique.: 
which are used to compensate for small differences in the ratio arms. The 
imity ratio also permits a ample means of inferring the thermometer current 
by measuring the bridge sipply current. The bridge also can reduce the effects 
of resistance variation in switch contacts associated with the calibrated 
variable arm of the bridge. Tlrus, this bridge can be effective in eliminating 
tiiermoe lectnc emf where this is a proolem. lb eliminate the effect of thermo- 
electric emf's, the bridge is nr-. ally balanced by setting the variable arm 
so that the indication of the null detector is unchanged when the bridge 
current is reversed. This also provides the advantage of doubling the output 
volta-e swing of the bridge for a given thermometer current and der-ye c r 
ir balance. Cormercial forma of this type bridge are available Whicn permit 
measurements of resistance up to the order of 400 ohms with the smallest dis- 
crete step representing changes of one micro-atm. The Mueller bridge provides 
exact oor.pensation for lead resistance and ratio arm imbalance without signi- 
ficant demands on current stability. 
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v. -„n>jrtant disadvantage. v.jth this bridge is a stringent requirement of low 
and constant internal switch contact resistance v*iich mist fce maintained. It 
switching among therncneters is required, an external switch with ve.y stable 
contact resistance mist be provided. 

3.4.16 Smith Type ill Bridge (see Figure 3.4.16-1) 

In 1912, F. E. Smith proposed four bridge configurations for resistance 
trcnoretry . Of the four, only Smith's third method survives as a widely 
accepted bridge. This method has a calibrated variable arm typically 100 
um's as large as the thermometer resistance, ao that the need for swi*-. h 
ccntact resistance stability is greatly rediced. The effect ot thecimeter 
ad resistance difference is reduoed by use of an auxiliary calibrated 
variable set of resistances. Stauth III oridge is outstandinj in the 
reduction cf switch stability requirements. Also, it is noted for reduction 
of lead resistance effects without the requirements for a double bridge 
balance and the need of . veraging calculation. 

Scam; of the disadvantages associated with this br idge are as folio® : 

(i; the balance equation of the bridge is complicated, and some error is 
introduced by both the unbalance and the magnitude of lead resistance, aid 
(2) the need for stable resistors of larger value (usually 1000 ohms or 
greater) and accompanying requirements for better insulation resistance 
under sane conditions can become a factor. 

3.4.17 Balanced Three-Wire and Four-Wire Bridge (sae Figure 3.4.17-1) 

These bridges are in balance when the sensor arm has the same resistance as 
tw adjacent arm; therefore, the same amount cf lecd resistance does not 
affect the balance point, provided the lead resistances are ecyial. Although 
tl» bridge shown is a full bridge, the sap* principle can be allied to a 
half bridge. The basic advantage of this type is that its linearity is not 
a problem due to measurement beginning at null point. Its disadvantage is 
that lead wires r-ist be serial, 

3.4.13 Semens' Three and Four Wire Bridges (see Figure 3,4.18-1) 

The three-wire bridge was conceived by W. Seiners in 1671 as a means for 
eliminating the effect of lsadwire resistance in the rail. A rheostat is 
generally placol in series with the tharmerster to null the bridge. Hooper, 
valuations in the contact resistance of the rheostat upse ts th e bridge null 
winch limits the bridge ur-fulneos to relatively high thermometer elenfcnts. 
This is due to the null being a function of lemVire resistance and of 
variations in the resistance. The 4-wire bridge is a variation of the bnoge 
with foui -wire compensation. Similar to thu three-wire case, variations in 
leadwire resistance are distributed equally in both arms and thus do not 
affect the bridge null. 
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a. A Full Bridge With Zero and 
Sensitivity Adjustment* 



c. A Variation on the Siemens 
3 Wire Bridge 


b. Siemens 3 u - Bridge 



d. A Four Wire Bridge 
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Cxemple* ot Pull B ridge e 
Figure 3.4. 18-1 
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3.4.19 LAN Direct-Fteading Bridgu (see Figure 9.4.20-1) 

Dua circuit js<s a cal ibratad variable arm conposerl of a fixed resistance 
i-aralleled by a variable nsisunoe. The relation of thermometer resistance 
tc absolute temperature is not a linear one, but is generally described by 
quadratic tomilas. Therefore, by the oaralleling arrangement, a quadratic 
relationship between the bridge output setting and the resistance of the bridge 
can be obtained to natch the themoneter characteristics. 

3 . 4.20 Slidewirc Bridge (see Figure 3.4.20-1) 

The use of potential dividing slidewires for linear measurement of resistance 
avoids the problem of absolute adjustment and contact resistance due to use 
cf slidewires as rheostats. Two ganged slidewires are used m this bridge n 

with one compensating the potential n>set of ratio by the other. The major 
disadvantage in this type syscon is that a mechanical device u required for 
balancing tV or’.oge. 

3 . 4.21 Stull Bridge isee Figure 3.4 . 20-1 ) 

This nr idge uses slidewire principle, combined with son of the fteller bridge .jb 

arrangements. This bridge has a span of 1.0 ohm and has a capability of a range 
from 0 to > 00 ohms with 0.001 ohm resolution. 

3 . 4.22 Triple Bridge - itoseront (RHC) (see Figure 3.4.22-1) 

Basically, this bridge resembles a Kelvin bridge with an inner Kelvin bridge 
(Ke’vin double bridge) . This bridge makes use of the ratio of output voltage 
to excitct^- voltage for the purpose of measuring sensor resistance. 

It stppres - . leadwire resistances effectively, whether or not they are equal 
because of th» provision for adjustment of rero and slope or the output. 

Errors due tc lead resistance are typically reduced by a factor greater than 
100, as coqpared to the ordinary three-wi.e bridge when leads are not equal. 

Bridge unbalance and nonlinearity can be negligible or can be made relatively 
large in c a s es where this is desirable. Thus, control of bridge unbalance 
nonlinearity can be used for cancellation of nonlinearity due to thenroneter 
element netal. It should be noted that the mathematical analysis of this 
bridge is very complex. However , a laboratory breadboard analysis of this 
bridge would be beneficial in fully appreciating the unique features described. 

3.4.23 Conclusion 

There are many other types of dc bridges not listed in this rtport. However, 
in most of these, variations nay be for leadwire resistance ccnpensaticms. 
laboratory breadboard of seme of the bridges discussed here wuuid be worth- 
while when making a variation to the selected basic bridge design, particularly 
where a full understanding and appreciation of problems related to a ocrplete 
bridge design are desired. Furthermore, a corplete muck up of a finalized 
berpniature measurement system is reoorraended for a corplete failure node 
analysis. There are certain fundamentals ccrmon to all methods, such as ha’ t 
or full bridge, asymmetric or symmetric, balanced or unbalaroed, and lew or 
high level output, which determine the quality f measurement which can be made. 
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Tto this, variations are added baaed on optinun considerations to the design 
considerations. The various bridges discussed here can be best smnariz. d 
□y use of a table (see Table 3.4.23-1) for oocpariscr. and analysis when 
selecting a particu’ ar measurement method. As a general guide, wher. 
selecting a method among the two regarded as the most popular —ithods 
(Mueiler and Smith Type III), same design criteria for selecting are grien 
is follows: 

Hie Her bridge is recoomended ut e (1) high precision is required, (2; resist- 
ance to be measured does not exceed <50 otms, and (3) lead resistances dc not 
change significantly between balances. 

Sbuth Type III bridge is reaonmended where '1) resistance to be measured does 
noc exceed 150 ohms, (2) lead resi3tanc is not largely or greatly unbalanced, 
but may vary considerably between balances, and (3) lead resistance is large 
and/o ' greatly imbalanced and/or rapidly varying. 

3.5 SURVEY RESULTS 


Ttaiperature transducer manufacturers responding to the survey were: 


AOCO Bristol 
HC Electronics 
American Standard 
Bell 4 Howell 
Dynasciencus 
Faxboro 

General Electric 


G 311900 

Hy-Cal Engineering 

Honevwell 

REF 

Roeenount 
Trans-Somes 
Victory Engineering 


This list falls far short of covering all ieeperature transducer omnufacturers, 
but does include sane of the nation’s leading tesperature transducer suppliers. 
Of the manufacturers listed, only a few sipply both probe and surface type 
tran s d u cer s for cryogenic application. In addition, all of the nppliers 
listed hew engineering and manufacturing capability of building transducers 
which meet specialized requirements. This survey is intended to provide 
knowledge of m a n u f a c turer’s capability in the temperature transducer field 
rather than to provide a list of parts available for apace v *> 


Generally for space applications, program requirawartts are l. .-nsive that 
off-the-shelf equipment seldom satisfies all requiraamts. of these 

requirements include such basic items as material and suboonpa«ent standards, 
such as lubricants, wire types, and resistors; fabrication procedures such 
as soldering and welding pacification*; and quality control inspection 
requirererts. Equipment acceptance aasts and qualification program* an! 
end itoa c subooqwnent traceability axe other oamon requimnts. 

Prtne type units are manufactured as open elements (sense wires exposed to 
the nmasured fluid) or closed elements (sense wires encased in a housing) . 

For liquid oocygen and liquid h/irogen applications, only the closed element 
designs ar applicable. Surface type transducers are manufactured it a 
variety of sizes and shapes designed for attachment by cemanting welding or 
claeping. In general, these transducers are not desisted for uimers ion in LCK 
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car Ui2 but ace designed to operate at the cryogenic temperatures in a gas 
awumait. The limiting factor for direct oontact with the liquid is the 
construction Material and the lack of a hematic seal. 

Ocaan.1 probe resistances advertised in the faroctaires ere 1380, 1400, at. ' 1256 
ohm at the ice point. Other resistance . lues are advertised as available 
on special order. 

Table 3.5-1 e nae i i Tr ~ the eleaent types used by scat manufacturers in pro- 
ducing probes and surface transducers for cry o g enic usage. 
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4.0 HI® tqtermuk: strain gages 

4.1 mncDur.xON 


Although strain measuring techniques have progressed rapidly since the develop- 
ment of the first strain gage, the requirements for their use have advanced 
tucu factor. This situation is especially true for obtaining flight lead 
measuieecnts an high speed vehicles operating in the earth's atmosphere 
The aerodynamic heating associated with these high speed vehicles can be a 
major cause of strain gage error. Figure 4.1-1 gives the temperature pro- 
file on an aasunad Mach 6 vehicle operating at 90,000 feet. A review of tne 
figure shows temperatures vp to 1800 F on aerodynamic surfaces. Strain gage 
output due to thermal stresses at thaee high temperatures can produce load 
measurmaent errors greater than these due to gage performance characteristics. 
TO obtain accurate flight load measurements, these errors oust be eliminated 
in the strain gage design. 

4.1.1 Strain Gage F-xjuirmeents 

The objective of this section of the Measurement Components Technology report 
is to re«"*w various strain sensing devioes and evaluate their performance 
in a 1SG to 2000 F thermal environment. The evaluation includes gage prin- 
ciple of iteration, gage materials, gage attach methods, installation tech- 
niques aiKt gage availability. The section does not i ncl ud e signal oonditior - 
ing ol data-aoquisition aquipnant. 

4.1.2 Definition of Terms 


The following it. a listing of definition of terms used in conjunction with 
strain gage applicat'ons. 


used by uni-axial stress 
■ 1 X 10“6 is called 


direction 

itrair. 


St rain - Fractional change in leng* 
of gage axis. OL - C , a value < 

L U 

S tress - The internally distributed forces within a body whici. u to resist 
deformation. The dimensions of stress are force per unit area. Stress is 
proportional to st ain F _ £ g where E is Yang's modulus of elasticity. 


Gage Factor - A measure of gage sensitivity. The fractional change in resist' 
anoe of tU mounted gage divided by the fractional change in length (the 
strain) of the surface tpon which it is moulted caused tr j uni-axial stress 
in the direction of the gage axis. 


, c _ hR /, 

& F ^7'T — r*A 


R » original gage resists, .cu 

L * original length of surface upon which gage is mounted 
£ » strain 
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Apparent Strain - The change in resistance of a mouitad strain gage ( ^kjr)d'je 
to a change in temperature without an applied load on the specimen. Apparent 
strain is due to the combined effects of differential themal expansion and 
tne tiexnal coefficient of resistivity of the strain wire alloy. 

Differential Themal Expansion - The effect which occurs when the strain wi re 
element and the specimen on which it is Mounted have different expansion rates 
with temperature. This phenomenon places the strain element in either ocnpress- 
lon or tension with no applied load to the specimen. 

Coefficient of Thermal Resistivity - All strain wire filaments exhibit a change 
in electrical resistance wi th temperature changes. The rate of change of 
resistance with temperature is defined as the coefficient of thermal resistiv- 
ity. This coefficient of resistivity can be adjusted by heat treating in tne 
case of certain nickel - chrome alloy wires. 

Active Gage length - The distance over which the strain gage, wten moulted on 
a surface, will measure the strain undergone by that surface. 

Strain Range - The allowable percentage elongation of a strain gage. It is a 
function of tl<e degree and anneal of the su an sensing element, the elastic 
properties of the carrier, and the properties of the banding ages**.. 

4.2 KIQl TEMPERATURE STRAW SBBIHG DEVICES 

A literature survey was cond u cted bo select strain sensing devices whicl. have 
potential application in a 1500 F to 2000 F thermal environment. The follow- 
ing devices were selected at a result of this survey: 

a. Electrical resistance strain gage 

b. El ctrical capacitance strain gage 

c. Thermal - null strain sensor 

This report contains an evaluation of the above devices as derived fran ti«e 
literature survey. 

4.3 ELECTRICAL RESISTS**^ STRAW GAGE 

Since its conception in the late 1430's, the bonded filament, resistance strain 
qage has hr si tta primary method of measuring the magnitude of strain due to 
stress. The resistance strain gage operates on the principle that when a load 
is applied on any material, that material will mtpand or contract causing 
strain within the material. If a gxid of wire is bonded to the material, it 
will stretch or be strained exactly as the surface of the hast "iterial is 
strained. This stretching and op pressing of the grid wire causes a change in 
the electrical resistance of the wire which is proportional to the strain in 
the test softer, ttmn a Wheatstone bridge circuit is sat up ao that the only 
source of unbalance is dus to the change of resistance in the strait, gage grid 
wire, due to the application of strain on the gage, the difference i*. potential 
across the output terminals bsoaat s s msssure of strain. 
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4.3.x Resistance Gage Requirements 

The requirements for resistance strain gages used in high temperature applica- 
tion should include the following: 

. . Both the gages and their attachments must withstand the thermal environ- 
ment, without degradation, for the life of the test program. 

b. The gagec oust be precisely and uniformly oenpmsated for the mermal 
expansion of the material to 'Such they are atu^hei. 

c. The gagae oust withstand repeated combinations c* temperature and total 
strain for a long period of tune. 

d. The gages should have a high gage factor to yield maxunun sigral fran a 
given strain. 

e. The gage factor snould have a snail and predictable variation with carp- 
er ature. 

f. The gage should dissipate the heat resulting froa bridge excitation volt- 
age without excessive self-heating in order to generate a maxima signal. 

g. The gaqe should have drift characteristics that are small whan ccrpared 
with the output from the measured load. 

h. The gage and its attachment oust maintain a high resistance to ground 
during and after repeated exposure to high temperature. 

l. The gage should be easily and quickly installed . 

4.3.2 Resistance Strain Gage User Requiranenti 

In addition to information supplied by gage manufacturers, ind epen de n t evalua- 
tions of gajes should be made depending upon their intended -sage. Such evalu- 
ations aid in selecting the best available gag* for a particular application 
and making the best use of the selected gage. Some of the users requirewnt s 
and gage properties that should be considered whan evaluating gage selections 
are: 


a. Teeperatur* Range 

b. Anticipated Strain Levels 

c. Duration of Test Program 

d. Material on Which Gene Will be Nouited 

e. Speoe and Wire Routing Restrictions 

f. Type of Load to be Measured 

g. Nuetoer of Nsaswanants Required 
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h. Ccnpatibility with Oata-Acquisiticn System 

i . Tunc Available for Installation 

4.1.3 Resistance Strain Gage Property Considerations 

In selecting a resistance strain gage for high temperature applications, the 
following gage properties should be considered: 

a. Useful temperature Range 

b. Apparent Strain ant Scatter in Apparent Strain 

c. Maximum Dccitation Voltage 

d. Method of Attachment 

e. Gage Factor and Gage-Factor Variation with Temperature 

f. Drift Characteristics 

g. Tatigue Cnaracteristics 

h. Gage Resistance 

l. Lf feet r.f High t tea ting Rates 

Sane of the items an the above list are essential, vuiile others are only desir- 
able. It is essential that the elevated temperature and heating rates do not 
alt.: tie characteristics of the gage to the extant thet meaningless data are 
obtained. 

J. 3.4 Tenperature Compensation 

One oi the major contributor a to errors in high t«mp*r*ture strain gage eas- 
uronents is effects of apparent strain In an to reduce the thermal 

apparent strain of resistance strain gages, temperature compensation is 
included in the designs. For high terperature strain gage applications , two 
methods of temperature compensation are aarrcnly used, these methods are 
"selected melt* gage design and the "acti ve du nny" gage design. 

4. 3.4.1 Selected Melt Gages 

The elamoits of selected melt gages are fabricated of alloys which are spec- 
ially treated to a specified temperature coefficient of resistance as required 
to correspond to the thermal coefficient of expansion of the material on 
which the gage is installed. The element is termed "self saip*r.aating" and 
should exhibit a small thermal apparent strain whmt used properly . 
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4. 3.4.2 Activ_-Dum«y Gage* 

The oldest method of compensating for temperature- induced errors in strain 
maasuronents is by utilizing dummy and active gages. The principle used is 
quite single. An active gage is bonded to the test specimen and a seoorri 
duimy gage is bonded to an unstressed tab or block of the sane mate.ial as 
the test specimen. These gages are oonnactad to adjacent aims of wheat- 
stone bridge. In this configuration the dinmy gage cancels out the affect 
of temperature changes on the resistance of the active gage and bridge bal- 
ance will respond only to mechanical strains on the active gage. The inaccur- 
acies in this method are due to the difficulty in finding an absolute strain- 
free area for location or the djwy gage and locatino both gages such that 
they will be subjected to identical temperatures. 

The active dummy gage systan compensates for the errors caused by the resist- 
ance change in ti.i gage elements due to tanperature ciwiges. It does not 
compensate for errors caused by the differential thermal expansion which 
occurs between the gage "dements aid the material on wnich the gage is mounted. 
This portion of the 'apparent strain” can be eliminated by the addi' or of a 
compensating resistor (Rtc) in dories with the active gage in the bridge cir- 
cuit. The value far Rtc may be determined by using the following equation: 

Rtc ~ ( PC et OC e» ) Rg 
OC r 

where cceg * coefficient of expansion of the gage 

oC ee » coefficient of expansion of the specimen 
Rg » gage resistance 

OC r * taqperature ooefficioit of resistivity of the gage element. 

4.3.S Sensing Element M»terials 

Beca _e the change of resistance in the sensing element indicates the meas- 
ure cf strain, tlm choice of element material, is extremely important. The 
materials used for electrical resistance strain gage sens-ng elements are 
divided into two groups: metallic and wmioondutor. Strain gages made of 
tarru conductor material ara very smaitive to temperature changer, and eKhihiu 
axtrone non linearity at high temperature. Because of these adverse tmrper- 
ature characteristics, they are not used far airborne application and are 
eliminated from further discussion in this report. 

In an attanpt to increase the ippar temperature limits of metal lie a.. ling 
elements, mrty alloys have bean tested and used. Table 4. 3. 5-1 lifts the 
chemical elements used in the design of strain gage sensing elements. Using 
the elemwnts listed in Table 4. 3. 5-1, the Wiilien J. Bean Company of Detune 
Michigan ran teats on IS strain gage allaysC^J The alloys selected were 
vacuum melted and samples were reduced to fine wire and foil. The selected 
allr /• ware classified as nickel-base, iron-base, oohalt-basa, platinun- 
copper, platinum-nickel , and p Is thrum- tirg star. Tables 4.3.S-2 through 
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3 • 1 ■ ~ 7 llst the properties of the strata gage alloys establisnad iy the u;sts 
conducted at the W. j. Bean Germany. 

Ail juper alloys" tested (sec Table 4.3.5-21 contained significant antiunis of 
and chromium and exhibited solid solution phase changes below 1200K. 

A «1h solution phas? change results in an aixnvily of the resista ’ versus 
ti’-ixiature curve and yields an unsatisfactory a. Icy for hign tempt oire 
strain gage usage. 

i'lu; fist results indicate that platinum nickel and platinut- tungsten alloys 
have tiie best stability at high torperatures witn tie platinum-tungsten 
allo>s exhibiting the least apparent strain. Figuri 4.1. 5-1 illustrates the 
effoct of tenperature on some of the available high twperature strain gages. 

A review of Figure 4. 3.5-1 shows that the platinmr tungsten half bridge aage 
exhibits the least apparent strain at tmperature a)ove 700 F. 

4. 3.5.1 Sensing Element Forms 

Metal, ic strain gages are formed from snail diameter wire or cud.td r.xm thin 
sheets of foil. Each type has advantages and disadvantages which; s'.xxild be 
considered in high temperature applications. Strain gages fabricated using 
wire sensing elanents utilize a small area on the test Specimen , the.^y 
reducing the leakage currents which may occur at high harper, tires. Foil 
sensing elements have a relatively large raio of surface to c."oss sectional 
.rei and exhibits greater stability during long-time period under extreme 
ttrperature conditions. 

4 . 3 . 5 . 2 Sensing Elwwrit Configuration 

. "Mjor consideration in resistance strain gage design is the sensing cia. nt 
configuration. The most cannon oonf iguraticn _sed ..i high tgtperature appi 
cations is shaped to measure uniaxial strain. The sensing elements are 
long and narrow to place the greatest amount of strain sensing material in 
tne direction of the strain being measured. Sensing elements are also i <jr^ 

to measure biaxial and oxplex multi-directional strain fields . However these 
configure, ions are not generally used in high terrperature environments. 

4.3.6 Methods of Attachments 

The method of strain gage attachment is .epemdant upon the type gen? being 
used, the anticipated envirenmant, and uie material an which the gage is to 
be attached. Table 4. 3. 6-1 shorn the cmnants available for strain gage attach- 
ments. The table lists the oementa and their installation properties. A 
rcv.cw of Table 4. 3.6-1 show*. that ceraxic osmts and aluruniit oxide are 
recommended for attachment of strain gages whsn the operating terv'ratures 
are greater than 700 F. 

4. 3.6.1 Ceramic Cements 

Ornic cements usually consisting of an oxide or phosphate mixed with a mild 
acid base are used to attach strain gages for high temperature applications. 

The cunan. s first applied to the test specimen to font an insulator 



Table 4.J.5-1. Element or Design of Strain Gages 
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FIGURE 4. 3. 5-1 APPAR0IT STRAIN OF AVAILABLE GAGES 


- «2 - S072-SA-0 156-3 





IpacaOMston 

North American RoAma* 


Table 4.3.6*]. Strain Gage icwerts 


T»PE 

GAGE 

CARRIER 

COMPATIBILITY 

MMIMUM 
CORE 
TIME f 

SAFE 

TEMP 

RANGE 

MAX 

F TEMP F 

KAN CLING 
CHARAC T ERiST Tr S 

trocel lulose 

Thin Paper 
Base 

10 ir 9 RT 
2 ‘ir 9 120 

-100 
♦ 180 

-320 

+200 

Single Pa>t 
Solvent Release 

otrocellulose 

Std 

Paper 

*.8 hr 9 RT 
:2 hr 9 120 

-100 
+ 150 

-320 

♦200 

Single Pe't 
Solvent Release 

Cyanoacrylate 

All 

0 

-'00 
♦ 150 

-320 

♦200 

Usa of Catalyst 
Sugges ted 

Roo r Temp 
Epoxy 

All 

2 to i& hrs 
at RT 

-320 

♦150 

-452 

♦300 

Two-Part Systen 
Must be Mixed 

Medium Temp. 

Epoxy 

All 

£. cent Paper 

2 hr at 3 SO 

-452 

♦400 

-452 

♦5uQ 

Si.igle Part 
System 

Higr Temp 
Epoxy-Til lei 

High Temp 
Glass 

Reinforced 

6 hr at 2S0 
or 

Z hr at 3 SO 

.452 

-400 

-452 
♦65 0 

Usual T -Pirt 
Systr 

nan Temp 
.poxy-Unfilled 

Cast Film 
and High 
Temp Glass 

1 hr at 225 

-452 

♦600 

-452 

♦650 

Solvent T hinned 
Two or More 
“art Systems 

High Temp 
Polyiiride 

high Temp 
Glass Re- 
inforced 

2-1/2 hr 
at 500 

-452 

♦750 

-452 

♦800 

Single Part 
System 

Phenolic 

High Temp 
Glass Re- 
inforced 

6 hr at 300 

-32h 

♦300 

-452 

♦500 

Single Part 
Systems 

Ceramic 

itrippable 
or Remov- 
able 

1-b hr at 
600 

-452 

♦1000 

-462 

-1250 

Single or Two- 
Part Systems 

Alianinom 

Oxide 

Removable 

Frame 

0 

-452 

♦1500 

-452 
♦ 1600 

Flame Spray 
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for the cage grid. The grid is transferred from its carrier tc this procoat 
and held in position by applying an additional acat of canent. Curing at 
600 F produces a hard, porous coat which is arvioeahle over a temperature 
range of -452 F to 1000 F. 

4.3.U.2 Rokide Process 

The Roxide process is patented by' the Norton COnpany , Refactor les Division, 
Worcester , Massac hi -setts. In operation, a ceramic rod is fed intr an oxy- 
acetylene flame spray gin. Tha operator holds the spray gun with the nozzle 
approximately 15 inches away from the gage. The gage is held m position by 
pressure sensitive teflon tape. Sufficient "Rokide” (alumnur. oxide) is 
sprayed cn the gage to tick it in place. The teflon tape is then removed and 
the installation is sprayed, in the direction of the gage grid, until all grid 
and lead areas are covered. With sufficient practice and a litt.' . core, an 
excellent gage installation can be made. However, the ftokide installation 
process can affect the neat treatment of sene gage filament alley s. [32] This 
w: 11 cause excessive hysteresis in apparent strain versus terperature during 
temperature cycling of the installed gage. 

Tests haw been conducted to determine the insulation resistance of Rokide 
installation with respect to taiptrature. l 3< ] An insulation resistance change 
of from more than 10,000 megohms at roan tenperature to 100 megorras at 000 F 
tas been noted. A resistance change of th.s magnitude w.l' cause a change 
of a,jprraximabely one micros tram in apparent strain for a platinum alloy gage. 
This error is not significant when conparad to the total appor-nt strain. 

The Rokide process has the advantage of producing a hush purity aluminum 
oxide application in less than five minutes. The -organic installation 
will rot oontaminate deep space environments, minimizes explosive hazards in 
cryogtsuc applications, aid :s highly resistance to nuclear radiation. 

4. 3.6. 3 Melded Gages 

Another method of installing high tonperature strain .neasuranents is by use of 
weldable strain gages. The installation of strain gages by welding has the 
following advantages: 

a. A proper welckaent forms a i.00t transmission of strain. 

b. Welding elin'natss the oarpiicatad bending agents and high tenperature 
adhesives required to attach other types of gages. 

c. There is no specially skilled personnel required or tune delays involved 
in curing and baking. An operator experienced in using an ordinary low- 
energy capacitive spot welder is all that is required. 

There is limitation of only being able to use this method of attachment for 
strain measurements on metal structures. 

Test i have been conducted to u. terrune if the spat welding of strain gages to 
titanium reduces the fatigue life of the metal. 1 34 J The results of the tests 

irxlicate that the maximum stress level was decreased tv a factor of 6 whm 
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subjected to l.OuO.OOO stress cycled. Similar tests have be«i -cnducted at 
room temperature and 1500 F on Inocnel-X and Rene 41. the fatigue life was 
decreased for both the room temperature and the 1500 F tests with welded cage 
attached. There was also a significant difference between the roar and eI-~ 
va ’- eu temperature results. The test results showed tliat weldou gaues snould 
not ue usjd in applications where a large lumber of stress cycles ->re ant' i- 
pated. 

4. i.7 High Temperature t train Gage Installation 

Because of strain gage temperature limitations, cate must oe taken ir. choosing 
locations for the installation of strain-gage instrunaitation. Ide l?y, y.e 
gages should oe i ucated on inner structure where torperature cnar«ges are mini- 
mized, causing small varia-iofis in apparent strain and gage factors. i.Ver. ui 
lueal locations, thermal stresses can significantly afreet straoi gage outuut. 
Realistically, the structure that requires strain gage instnneitatio’-, is 
usually in areas where tee temperature is approachtrsg the upper limits of 
existing gages. The following are sa'e 0 f the installat'on tecry-iquei tnac 
will help minimize thermal errors: 

a. locate gages such that each bridge is m close relationship to reduce 
trrpej ature gradient errors. A 100 microstrain error could equal the 
average mechanical strain in stiff structures. 

b. The lengths of the inner bridge wires shouiu oe equal to natch tio i 
resistances and reduce drift due to lead wire res ■ stance cnarges with 
heating. 

c. The inner bridge wins and lead wires should be joined using the appropri- 
ate joining techniques. Silver brazing and we luin g are the methods to be 
used for high temperature duplications. 

d. The bridge wiring should be routed in such a way that there is no excess- 
ive stress cn the wires 

e. Bnoge wiring sheulu be terminated in connectors in which there is nc 
thermal gradient- 

f. Each wire Uirdle should be wrapped with foil to protect the wires frum 
radiant heat. 

a. Gages must ue well insulated from electrical ground, with a leakage 

resistance of 1000 megohms or more measured with 50 volte dc applied ‘ran 
the gage to the structure . leakage resistance will diminish an average 
of 20 mer—>hns for each 100 F above 500 F. 

4 . 3-7.1 lead Wire Gyi tern 

Another important consideration in strain gage installation is tha lead wire 
system. The lead wire network must be capable of tranamtting electrical 
signals from the strain gage to the monitoring device with the same accuracy 
and reliability as the gage itself. The lead ire rystan is made up of wire 
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conductor, wire insulation and interconnecting terminals- Table 4. 3. 7. 1-1 
lists the lead wire oonductor materials available for high tanperature appli- 
cations. The table shews that niclcel -chroniun alloys such as nichreme or 
Kama s-iould be used for ope ratures up to 1700 F. However, the high resist- 
ivity of these alloys limit then use to short lengths at the higher Units 
of operating terperaturas . These nickel -chraiuim alloys snould not be used 
in place of the clad copper ocnductors within the tanperature limits of the 
copper materials. Table 4. 3. 7.1-2 lists lead wire insulations and their temp- 
erature ranges. Whan the temperature range of the strain gage installation 
is above the temperature limits of organic materials, the lead wires should be 
insulated with glass impregnated silicone or glass sleeving . In sane high 
temperature installations, ceramic beads made of high-puritv alumna or mag- 
nesian oxide are used for lead wire insulation. 

Stand-off terminals that can oe welded or mechanically fastened to tie struct- 
ure should be used for high- temperature installation. The terminal feed- 
through is usually made of nidcel-platad stainless steel which is insulated 
front the stand-off by teflon, glass, or iugh-pui lty alumna. The strain 
gage leads axe joined to the high tanperature terminals by weM> q. 

4.3.8 High Tanperature Resistant Strain Gage Availahility 

There are many resistance strain gages on the market today; however, only a 
relative few advertise the capability of operating at 15C0 F. Table 4. 3.8-1 
lists high- tanperature strain gages available and their properties. The 
upper temperature limit of these metallic element gages is a function of the 
stability of the elonent alloys. As metallurgical advancements are node in 
element alloys, the tanperature upper limit should increase. 

4.3.9 Conclusions 

The currently available resistance strain gages can be used to measure loads 
in high- tanperature envirormant . However, the installations should be 
evaluated in a laboratory prior to flight applications to identify necessary 
correctiof s in load measurement analysis. In oroer to use the currently 
available resistance strain gages in high-temperature application, broad tol- 
erances in measurement accuracy must be accepted. 

4.4 ELBCTRICAi, CAPACITANCE STRAIN GfCL 

Past nttanpt# to develop high tanperature strain sensors have ooncentratoi 
jc\ increasing the upper temperature limits of resistance type strain gages. 
These attsnpts have been deieated due to the performance charter 'sties of 
the available alloys. All of thu alloys that could be used for strain sensing 
eitr,er have questionable stability because of a phase ct-arqa -which occurs in 
the 800 F to 1000 F tanperature range or produce undesirable outputs at 1500 F. 
Slice 1968 Hughes Aircraft and the Wright Patterson Air Force Flight Dynamics 
Laboratory have coordinated in the development of a high temperature capaci- 
tance strain gage. H5j u* purpose of this sectim of the report is to 
review tie progress of this strain- sensing device and status the current design 
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Table 4. 3. 7. 1-1. Strain G eqe Lead Material 


CONDUCTORS OPERATING TEMPERATURE (F) 



STABLE 

maximum 

NICKEL-CLAD COPPER 

700 

1000 

STAINLESS STEEL-CLAD COPPER 

800 

1300 

NICKEL-CLAD SILVER 

1000 

1500 

N I CHROME l KARMA 

700 

1700 


Table 4. 3. 7. 1-2. Lead Wire Insulation Materials 


INSULATION 

NYLON 

VINYL 

POLYETHYLENE 

TEFLONE 

GLASS IMPREGNATED SILICONE 
GLASS SLEEVING 


TEMPERATURE RANGE (F) 
BELOW -100 
-100 to ISO 
-100 to 200 
100 to SOO 
ABOVE 500 
ABOVE 500 


1 
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4.4.1 Principle of Operation 

the uee of a capacitance gape w swasurs strain is not new. it was developed 
before tbs advent of tbs resistance strain gage. However, using capacitance 
gages to ne&sura strains at high tanperaturas is new, and special attention 
mint be given to the gage nateriels and gage configuration. 

the basic equation for e paral lei plate caperitnr is: 

c lZ W x 

where C « capacitance, picofarads 

A - area of plates, square osntimetars 
K “ dielectric constant at asterial betw ee n . plates 
X « ssparatim tuneai plates, centimeters 

The principle of operation is that variations in dimensions due to strain 
will result in cwpscitanos changes. The above equation show that there are 
two pr unary variables that can be used in the strain gage design: the area 

of the plates and the separation be tween than. 

4.4.2 Gage Configuration 

the initial design requirwents was fur a gage capable of operating under a 
static strain continuously for one hour in a 1500 F tesparature environment. 
Four gage configurations were considered for testing by Hughes Aircraft Ocm- 
peny: 

a. A saw-tooth plate in which both the distance between the plates ani the 
effective area are changed with strain 

b. Parallel -plate capacitor with tongue-and-groove plates 

c. Parallel-plate capecitor in an hourglass strain frame 

d. Parallel -plot* capacitor in a rhtmbic trass 

•Bern design configuration selected for evaluation was the parallel plate gage 
Mounted in a one-inch fay one-inch rhombic frame. The gage consisted of a 
capacitance wafer containing four stainless steal plates mid five mica die- 
lectric insulators non ted in the rhcsbic stress frame. Figure 4. 4.2-1 is a 
sketch of the selected configuration. The stress frees teown in Figure 4. 4. 2-1 
serves tbs following basic p ur p o ses: 

a. Applies an initial ocsprassion to the capacitance plates 

b. Acts as a strain japlifiar. By the geometric configuration, a 2 to 1 
amplification factor is a pplied to the specimen strain. 

c. Provides for a matted of attactemnt to tbs tact specie*:. 
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11« rhcahic frame design provides another basic adwnUge. A review of the 
parallel plate capacitor aquation shows that as the distance X increases, the 
capacitance C d e er e a ses. Com -sely, as X decreases C increases. The 
rhombic fins allows a tension an the gage to decrease the gap between the 
plates X and therefore increase the capa c ita n ce. This not only places toe 
readings in their neural order of tension, increasing and aoepression 
dec r eas in g, it also allows for a built-in correction for apparent strain. As 
the gage is heated, the dielectric constant increases approaching infinity. 

In order to correc t for this effect, it is necessary to separate the pistes by 
a prat' -tecmined anoint . By proper selection of Materials . it is theoretically 
pos si nl e to provide the repaired appar e nt strain correc t ion. 

4.4.3 That Results 

A total of 15 gagas were fabricated and tester! an a constant nenant ben 
apparatus at beth rocs iimraUire and 1500 F. the pe rfo ewmoe of thane 
gages in the initial tusts cond u c t ed by Ughn Aircraft Qaqmny were very 
satisfactory. Table 4. 4. 3-1 is a sueasry of tha gags performance as aesparsd 
to the target specification raquireeents. A nviar of fable 4.4. 3-1 shows 
that the gage perfnnnanm met eost of the apecificatian regui r ae cn te. The 
otabie eeceptions are its gage to-gege repeatability in gage factor, the 
effects of tnperature an gage factor and ^ pa r e n t strain. 

4.4.4 Current Design Status 

In 1970 another high fparatura capacitance strain gaga d-velopeant program 
was tsdertakan by Hughes Aircraft Oogany istdar Air taro* Contract F 3 36 15-70- 
C-1181. [36] The p rog ra n was ocepletad in October 1971. The primary object- 
ives of this progrsi ware to expand tha toperatur* range of tha previous gage 
from 1500 F to 2600 F and reduce its size frost 1-inch gage length to 0.5-inch 
gage length. The progran consisted of the following: 

a. Research of dielectric and Metallic oenponents to determine optuun 
materials. 

b. Study of attachment techniques for various structural materials 

c. Investigation of cables to withstand the 2000 F tasparature. 

d. Marwfacture of a sufficient number of high-quality gages to permit evalua- 
tion. 

e. Provide a test plan and procedure for evaluation. 

f. Provide adequate tasting to determine g a g a t o ga ga and cycle- to-cycle 
characteristics. 

4.4.4. 1 Gaga Configuration 

Tim previously desisted 1500 F gaga was a parallel plate capacitor with a 
variable gap held in a rhombic frmae. Tha gaga had a 1-inch gaga length and 
an area of 0.50 square inchee. It was required to reduce the cage length to 
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Table 4. 4. 3-1. 

tTEM 

LENGTH 

CAPACITANCE 

FACTOR 

REPEATABILITY 

GAGE FACTOR 
CHANGE KITH TEMP. 

STRAIN LIMIT (1500 F) 

DRIFT RATE 

MIN RESISTANCE TO 
GROUND 

APPARENT STRAIN 
MAXIMUM ZERO SHIFT 
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High Tmpera.jr* Capacitance Strain uage Performance 

REQUIREMENT 
< 1 INC*i 


10 <.C <100 PICOFARAD 
25 

t 2 PERCENT/ 100 F 
* 2 PERCENT/100 F 

! 5000 yu IN/ IN 
900/a IN/IN/Hk 0 1500 F 
10 MEG -A. 

5/*. IN/IN/F 
SO ja. IK/ IN 


P£RFO®NAHCE 
1 INCH 

11<C < If PICOFARAD 
25 

t S PERCENT OVERALL 
t 4 PERCENT/ ICO F 

♦ 5000, ^OOO^IN/IH 
100/M. IN/ IN/HR » 1500 F 
NO CONSEQUENCE 

5 M IN/IN/F • 1500 F 
50A IN/IN 


n 
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0. jO inch Mid the I'M to 0. 125. Many configuration* were analyzed including: 
Parallel plat* with variable area/gap, ooaxial aanas with variable area/gap, 
rotary pa r a llel plate* with variable area and 'aria*. concentric with variable 
length. Ml were housed in r barbie or circular strain fraana. Sased on evalua- 
tiai of oe n bi n atio n s of sensors and trmmm, the parallel plate capacitor with 
a variable gap and rhcsbic frane wee selected as the best configuration for 
the 0.50-inch gage. 

4. 4.4. 2 Gage Materials 

The material* selected for evaluation as potential dielectrics were: 

a. Air 

b. Mica ( ph logopite) 

c. Silica 

d. Ti tarda (titanius oxide) 

e. AD99 (aliauna) 

f. Giasrock 

g. Barium titanate 

Giasrock, silica, sues and AD99 were the only materials providing usable 
results at 2000 F. Of thaea materials, mice and giasrock appeared to b* the 
the bast dielectric. Became of its relative handling sees, mica was chossi 
as the dielectric material for the 2000 F capacitance strain gage. 

4.4.4. 3 A t*sr'h sm nt s Techniques 

The atta chm e nt of strain gages for naianr— nf in a 2000 F envirenarntt is 
extrssuly difficult. In many cease the base eater isle Mist be ooated to 
prevent amideticn or other chmsiral reaction from oc tarring at elevated tep 
sraturee which makes bending difficult. Welding gages aaaatlans contribute 
to a secondary fatigue problmn at these taeperatures. 

The il l si leant techniques investigated ware welded, flaw sprayed and banded. 
The bees metals selected for capability tests ware super alloy (60S) , disper- 
sion strengthened material (TO niefanato) and coated r e fr a ctor y (Wichita* with 
sylcor costing). The apecJaan attachment tertni*«as were developed by using 
302 *t*ln1e— steel ribbon 0.30- inch wide and 0.00 5- inch thick to simulate the 
attach tabs an the strain fnam. 

a. welded Attachment 

For the (iicbiia* brae material, two tec hn i q ues war* evaluated: first, scraping 
the sylcor coating fn* the nlobiun Mid sod welding the ribbon to the bees 
material; second, coating the sylcor with e fleas apray coating of Nebco 
4“0 nickel alimdnmi and that welding to this coating. 
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Ai-1 of the welding tachniqjes prov e d adequate for attaching tha capacitance 
strain gaga. 

b. Flame Spray Attaaawnt 

All fleam spray atraclaaniLa w've made using a Matoo flame spray gun tod rfetoo 
spray materials, the most successful technique consisted of spraying a thin 
precost of Metco 450 on tha base material. Ike 3/32-in* holes ware punched 
in tha attacn tabs which ware then taped in place on the precoatad material. 
A ooating of 10 to 15 mils thick was than -prayed ever the attach tabs, 
filling tne punuv* 4 holes. 

c- Bordad Attactamnt 


fie adhesives eval u a t ed for bonded sttarramnta war* Saner i Ten 29, Ultra imp 
516 and Allen P-1. Teats conducted on these adhesives indicated that Ultra 
Tup 516 was the beet adhesive for tne 20u0 F ueeoe. 

A caparison of tne three attaciaunt aethods revealed that the fleam spray is 
the strongest. Howeu.jr, welding is tha preferred method because of its ease 
of ap. .icatlon. Banding wee only satisfactory with TD-nichnsae Material. 

4. 4. 4. 4 bead Cabla Evaluation 

the coaxial cable selected for the 2000 F application was manufactured by the 
Maser Bex hi tSap Mir” COpany of Monrovia, California. It rmrictad of a 
0.020-inch stainless steal conductor iomulatad with Gcreral Electric quartz 
fiber and shielded with braided 304 stainless steal. 


4. 4. 4. 5 Gage Installation 

Tha strain gam is installed in the foJtoving owner: 

a. Align the attach tabs Jong tha strain amis *nd spot welu each tab in 
three equal pieces. 

b. Maid gaga leads to sipial leads lumping signal leads as short as possible. 

c. Meld a gaga shield over gaga ana. this shield eliminates the capaci- 
tance effect fra conductors located close to the gage and sipial leads, 
the shield is mads far 0.020 to 0.050 inch s tainles s steel and should 
clear tha high tap leads fay 0.25 inch. 

4.4. 4.6 leering 

A total of 25 gagas ware fabricated for testing. Each gage aonsistuu of a 
0.50 inch gage length rhoabic a tr ees fraae aads of TD nickel and a sensing 
il mean aads of inconel plates separated by a dielectric of phlogopita mice, 
twenty of the gagae mn cured at 1625 F and five gagas at 2000 F. tha gagas 
wars installed on IS nichraa teat bars winch were than placed in a constant 
iiijsant fixture, trained to 2500 micro strains and has tad to 2000 F. 
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4.4.4.? Gaga Performance 

Tto gage performance mbs considered in two parts: gages cured at 1625 F and 

gages cured at 2000 F. 

Performance of the 1625 F cured gages was as follows: 

t. Maxima tanperature limited to 1750 F. 

b. Initial capacitance averaged 8 picofarads which is below the target speci- 
fication of 10 to 50 paoofarads. 

c. Gage-to-gage variations were extensive . However, tne ab.lit to pre- 
calibrate the gages eliminates this as a prohlaa. 

iSOOC 

d. The strain limit is .jqqq nucrostrain at room tenperature and i 1500 
to 2000 microstrain at 17^0 F. 

e. The apparent strain was within target specification of 5 micros train 
par degree F at maxima heating rate. 

f. The drift rate was greater than target specification of 300 micros train at 
oaxinun temperature. 


g. The zero shift per cycle was better than specifi c ation requirements 

The gages cured at 2000 F will provide data at temperatures up to 2000 F. 
However, considerable accuracy is lost. Due to drift and apparent strain, 
tins initial capacitance was gore than doubled whan the temperature was stabi- 
lized at 200QF. 

4.4.8 Conclusions 

The current capacitance strain gage is a pr o to typ e assign with a 0.50- inch 
gage length. It is capable of static strain operation up to zOOO F in the 
environment of a structural test laboratory using infrared heat lasps at- the 
heat source. At the time of this writing, the gage is not ccranerciaU ~vail- 
able and has not been considered for airborne applications. 

4.5 THEMAL-UULL STOAT.. GAGt. 


Tim Boeing Ccepany , Seattle, Washington and the .ASA Flight Research Canter, 
Edwards, California coordinated in the development and testing of a thermal 


.W 


measuring system capable of operating in a 1500 F thermal enviren- 


4.J.1 Principle of Operation 

The thermal null approach is a relatively new way of measuring mechanical 
strain at elevated temperatures . The .peratinq principle oonsuts of creating 
an induced thermal expansion proportional to a mechanical atn n. A tenper 
ture measuremant is mads to indicate the amount of thermal vxj vision which is 
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then translated into nenhilcal strain. The operating principle of the tinsel 
null strain gage is best explained by considering the fictions of its four 
basic parte shown in figure <.5.1-1. 

a. A link or bane to q?an the portion of the specimen over which toe strain 

is to be eeasured. The bona out be made of the sene Material as the qpeci- 
men, thus eliminating any length difference due to differential thermal 
expansion. Thif makes trs gage self temperature ocepens tting. 

b. A h ea ter to hast the bean such that the resulting thermal, expansion can be 
sate aqv'Al to the applied strain. 

c. A position detector that indicates when the bean length is equal to the 
span length of tho strained specimen. 

d- A differential fperatura ectaor to measure the toperaturc change between 
the bean and the test spur ini. This indicates the amount of thermal 
expansion requited to restore tire baas length to that of the teat specimen 
Span. 

4. 5.1.1 Saqu»-3 of Operation 

T !» seq u ence of operation of a typical thermal null strain gage is as 
follows: 

a. The gage and tbs taet specimen are aaqnend to an increasing anfcisnt 
tepenbm. 

b. The span length of the specimen increases due to thermal expa n sio n and 
the gage bane increases an equal mutt thus the delta length change is 
aero. 

c. The specimen is mechanically strained in tension. 

d. The position detector eisae that the gage beam length is lees than speci- 
men span. 

e. The heater la energised to thermally aaqpand the gage beam until the position 
detector indicates that the delta length has returnee, to zero. 

f . The differential temperature e e n eor meeeursa the change in temperature 
atrz mm the specimn and the gage bear which is proportional to the mount 
of Indtel tharmel ■gunalon required to equal the applied m e ch ani c al 
atrair.. Hr- output of the veayereture a«uor is calibrated directly in 
tame of mechanical strain. 

4. 5.1.3 Measuring Copraasicn /cads 

Tb make the gage cepehle of responding to aespmaeion loads, a “bias power' ie 
- ppnarf to pre-heat the bemn. The position detecta is then adjusted to null 
out the increased length. Fran this pre-heeted condition, the bum will con- 
tract by decreasing the heater power. The temperature sensor responds to a 
decrease in bene toBperature to indicat* oenpreeaion strain. 
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4.5.2 Strain Gage Corf iguration 

Hie gage configuration shown in Figure 4. 5.1-1 is approximately 1.25 inches 
long and oo ns ista of the following components: 

a. The beam or link is made of -O-’.O-inch tubing rigidly attached to the test 
specimen at one end. The other end is free to move in the axial direction. 

b. the heater consists of a swl 1 -diameter , high-resistance wire, coiled to 
form e helix and located inside the tube. 

c. The position indicator is a differential capacitor consisting of three 
pl ates, one of which mower in relation to the other two fixed plates. 

d. The t operator* sensor consists of s thermopile having alternate theemo- 
onple junctions an the specimen and on tuba, the thermopile indicates 
the twgrr. store change in the -ube required to null the position indi- 
cator. the ututage generated by the te^erature sensor is used directly 
to indicate the mechanical strain output of the systan. 

4.5.3 Gaga Performance 

Fifteen gagas were fabricated for testing. Inoonol-X, Rene 41, and Haynes 25 
were used for 9*gas and load test specimens, Testa were conducted an all 
three alloys at temperatures up to 1500 F and at mechanical strains of up 
to 1500 microstrain. 

The parfofioa characteristics of the thermal null gage are dependent on the 
instantaneous thsraal sapansion of tbs test specimen and gage beam and the 
instantaneous raapanai of the thermopile. The gage parfocwice consisted of 
evaluating the following characteristics: 

a. Hschanlcal strain sensitivity 

b. Apparent strain output 

c. mechanical strain sensitivity ewer the operating temperature. 

The test results were very favorable for the mechanical strain sensitivity and 
ap par e nt strain output, however, the mechanical strain sensitivity as a func- 
tion of fparature showed s decrees# in sensitivity above 750 F. Thi* sensi- 
tivity decre as e was due to the increases in the thermal expansion coeffic- 
ient of the tube and specimen. Below 750 f* this thermal expansion is can- 
oelk-i by the thm-wooupla electro-motive force coefficients . 

4.5.4 Conclusions 

Tha thermal null concept provides a technique for reducing errors in iugh 
tanparatore strain meisiireawnfe. The measurmaant range of the gage depands 
on the and contraction limits of the tube. The expansion is limited 

by the available power to the heater and the contraction is limited by the 
asbiant taeparature. At the time of this writing the gage is not ocmaercially 
available and is limited to evaluation and laboratory wie. 
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* ■<’ OCNCUUSICNS KB RBOCMBOWnONS 

Of the three a train sensing devioss evaluated, only the capacitance gage is 
capable of operation in a 1500 F to 2000 F thermal environment. However, 
this device is still in the prototype design stage and is not cmnarcially 
available. It has only bean evaluated under laboratory conditions and has 
never bean subjected to flight environment, the current designed gage, 
with a 0. 50- inch gags length, is aasll enough for airborne app l ica ti on if it 
is c a pabl e of surviving the acoustic and dynamic anviramnts associated with 
high-speed flight. 

Hie thermal-null gage is also in the protot y pe design stags. The concept mid 
gage performance has bean provan in la b or a tory tests in a 1500 F thermal 
environment. The current desist has not bean tested far airborne applica- 
tions. However, test results to date indicate that the principle cor’d be 
developed into an airborne gage. 

Electrical resistance strain gages are currently available that tall measure 
static strain L, a 900 F » •irormant and dynamic strain in a 1500 F environ- 
ment. The i«xain gage elaske.it alloys presently avail ah is have questionable 
stability in the 800 F to 1000 F temperature range or produce undesirable 
outputs ct 1500 F. 

until such a time that capacitance strain gages, or thermal-null strain 
gages become available, the following is r e ummmii ed far h*gh-tenperatib.e 
airborne strain measuring applications: 

a. Use resistance strain gages having platinun tungsten alley elements. 

b. Use active and dumy gages with cgipsn sating resistx s for temperature 
oonpensaticn. 

c. the weldable gages if possible. If welding is not p ossibl e , use flaw 
spray for attaching gagas. 

d. If the gages are to be used in a thermal environssnt above 800 F, the 
installation should be evaluated in s la b or a tory prior to actual flight 
testing. This toll verify proper selection of the gage aid identify the 
amplitude of thermally induced e rr o r s which will aid in interpn.. jra 
the accuracy of flight data. 
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